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Abstract  
O’Keeffe, S.M., Alternative use of Grassland Biomass for Biorefinery in Ireland : A 
Scoping study. PhD thesis, Wageningen University, Wageningen, The Netherlands. 
With references – With summaries in English and Dutch, 202 pp. 
 
The need to reduce greenhouse gas emissions and dependency on fossil fuels has been 
one of the main driving forces to use renewable resources for energy and chemicals. 
The integrated use of grassland biomass for the production of chemicals and energy, 
also known as Green Biorefinery (GBR), has received much attention and several 
European countries have developed GBR systems, including Austria, Denmark and 
Germany. In Ireland, approximately 90% of the 4.3 million hectares used for 
agriculture is under grassland and used in livestock production systems. Recently 
livestock numbers have declined and a surplus of grass biomass is predicted. GBR has 
potential to provide supplementary income from this surplus grass. As part of a 
scoping study, I assessed the economic, technical and environmental feasibility of a 
GBR in an Irish context, and developed a blueprint for a first generation GBR. 
Scenario analyses suggested that the ideal catchment area for a GBR was 700-800 ha 
depending on biomass availability within the catchment area, and the availability 
should be in excess of 30% in order to contain transport costs. An added benefit of a 
decentralised GBR facility processing approx. 0.8 t of dry matter per hour is that it 
allows for ease of operation, and better knowledge of the source and quality of the 
herbage being supplied.  
 The viability of a GBR will be highest in areas which experience declining 
numbers of livestock and lower farm income, particularly, but not exclusively, occurs 
in areas with many beef farms. These areas have a high potential availability of 
surplus grass biomass and in such a situation the GBR would not have to compete 
with traditional agricultural commodities, but rather would provide potential 
supplementary income to farmers. 
 The transitional development of a GBR system is likely to be most successful if 
current harvesting practices (i.e. a two-cut silage system) are adopted. The quality of 
the biomass from such a harvesting system is compatible with the basic GBR 
technologies used to produce insulation materials and proteinaceous products for 
animal feed. In the longer-term, higher value products could be produced by retro-
fitting the GBR facility. Analyses also showed that feedstock quality can be best 
controlled by operating a silage-only system, with on-site ensiling of the grass 
material at the GBR facility. The use of silage as a feedstock also facilitates year-
round operation of the GBR facility.  
Biorefinery processes are energy intensive. Therefore, the viability of the GBR largely 
  
depends on self–sufficiency for energy. This can be achieved by anaerobic digestion 
of the slurries that remain after processing.  
The residual material remaining after the anaerobic digestion can be used as fertiliser 
on the farm supplying the biomass, as part of a “waste management strategy” that 
aims to maintain nutrient balance between the GBR and the source farms. This 
recycling will reduce direct costs of the supplying farms. 
 The blueprint outlined in this thesis provides a framework for the development 
of a first generation GBR. The blueprint has also identified key areas that require 
further research: improved ensiling techniques, integration of livestock farming 
systems and GBR systems, and nutrient budgeting of the GBR system. 
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1.1 General introduction 
This chapter provides a general introduction to the topic of this thesis and a general 
outline. A more comprehensive introduction to the topic of the thesis and a literature 
review are provided in Chapter 2. 
 
 
1.2 Context 
 
Grassland covers approximately 25% of the world area (FAO, 2007). The decisions 
relating to grassland use and management have important implications for resource 
stability, biodiversity and global change, as they are the nexus between agronomic 
production and environmental impacts of land use strategies (Lemaire et al., 2005). Of 
the 4.3 million hectares used for agriculture in Ireland, approximately 3.8 million 
hectares is under grassland, the majority of which is permanent pasture.  
 
 
1.3 Problem statement 
 
The predominant usage of grassland herbage has traditionally been used to provide 
feed for livestock production (Buxton, 1996). In Ireland approximately 90% of the 
agricultural area is devoted to grassland farming and animal production systems (O' 
Mara, 2008). Substantial destocking of grassland is forecasted for Ireland over the 
coming decade (Styles et al., 2008) due to the combination of the Nitrates directive 
(91/676/EEC) and recent full decoupling of EU agricultural subsidy payments from 
production. This will result in generating a potentially large surplus of grass biomass, 
which could be used for energy or other purposes (McGrath, 1991). The EU Biofuel 
Directive (2003/30/EEC) promoting a “biobased economy” has triggered 
investigations into the alternative uses of grasslands (EU Commission, 2010). 
“Green biorefinery” is a concept to utilise green (grassland) biomass as raw material 
for the production of biobased products like proteins, lactic acids, fibres and energy 
(via biogas) (Kromus et al., 2004). The pasture is split into two fractions: the solid 
fraction or “press cake” and the liquid fraction or “press juice”, by applying 
technologies to chemically and physically separate or fractionate the biomass. The 
press cake can be utilised for products such as insulation materials for building. The 
press juice can be used to produce high value products which could be used as 
substitutes for mineral oil derived products such as lactic acid for plastic and 
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polylactide (PLA) production, proteins for the animal feed and cosmetics industries 
(Kromus et al., 2004). The Green biorefinery concept has been successfully 
demonstrated in Germany (Geveke, 2009), Austria (Van Den Berg and Rademakers, 
2007), Switzerland (Grass, 2004) and Denmark (Thomsen et al., 2004). 
 
 
1.4 Objectives 
 
The objectives of this research were: 
• To assess the quantity and quality of grass biomass under a two-cut silage 
system and to assess whether the grass biomass is suitable for Green 
biorefinery (GBR) technologies.  
• To assess which feedstock system is most viable in an Irish context; 
grass/silage system or silage only. 
• To determine the most appropriate economy of scale. 
• To determine whether Green biorefinery is a feasible option for Ireland and for 
Irish farmers using scenario analysis. 
• To investigate potential catchment areas or “hot spots” for green biorefinery 
facilities to locate. 
 
 
1.5 Methodological framework 
The research consisted of a combination of literature review, field trial experiments, 
and modelling work (Fig. 1.1). In the literature review (Chapter 2) the research 
questions and hypotheses are further outlined and these form the basis of the following 
Chapters 3−7. 
 
 
1.6 Outline of thesis 
 
First, a literature review was conducted in order to assess the biorefining experiences 
of various European countries (Chapter 2). This enabled their findings to be used as a 
benchmark, to assess the potential for establishing a Green biorefinery system in 
Ireland and a conceptual blueprint for an Irish Green biorefinery to be developed. The 
relevant knowledge gaps associated with the supply side of an Irish Green biorefinery 
system were identified, these needed to be determined in order to assess the feasibility 
3 
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of the conceptual GBR blueprint.  
 
 
1.6.1 Field trials  
 
Grass (2004) suggested that price schemes for grass delivered to a Green biorefinery 
should be established with respect to the raw material characteristics required to 
achieve the desired end product yield and quality parameters. Two of the most 
important quality parameters for assessing grass feedstock for the GBR outlined in the 
blueprint were the fibre and crude protein contents (Grass, 2004). Therefore, field 
trials were established to assess the yields of dry matter (DM), fibre and crude protein 
of grass swards on six contrasting Irish farms. These farms differed in geographical 
location, soil type, weather, previous management and sward botanical composition. 
They were all subjected to a two-cut silage management system and assessed under 
three annual input rates of inorganic N fertiliser (45, 90, 225 kg N ha-1 a-1) in two 
successive years. The grass harvested from these sites was also ensiled in the 
laboratory silos at Teagasc Grange. This allowed the silage quality produced from 
these pastures, under the controlled conditions of laboratory silos, to be assessed. The 
field trial data was then used to develop biomass supply models to predict the DM 
yields, fibre and crude protein yields of grass being supplied to a GBR (Chapters 3 and 
4). Data from laboratory silo experiment was also used to develop silage models to 
predict the ensiled grass quality or silage (Chapter 3). These models were then used to 
provide insight into how the quality and quantity of grass biomass coming from 
permanent pastures under a two-cut system could potentially affect the profitability of 
the GBR blueprint system outlined in O’Keeffe et al. (2009) (Chapter 5). 
 
 
1.6.2 Desk study  
 
The objective of the desk study was to develop a GBR blueprint processing model, 
which could generate the most appropriate GBR scenario for Ireland. Therefore, three 
biorefinery process models were developed which were combinations of feedstocks 
(i.e. grass and silage or just silage) and technologies (i.e. basic technologies or low-
tech to manufacture products from the fibres and proteinaceous fraction and future 
technologies high-tech used to extract high value compounds from silage e.g. lactic 
acid). The scenarios generated were defined as: 1) Low tech / grass and silage, 2) Low 
tech / silage, and 3) High tech / silage (also producing LA). Each of these three 
scenarios was then evaluated at three economies of scale (small, medium or large), 
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resulting in 9 scenarios (Chapter 4). 
 
Once a suitable GBR process model was identified, the process model was then 
subjected to scenario analyses to investigate how variations in grass quantity and 
quality, as a function of botanical composition, fertiliser application, and biomass 
availability affected the profitability of the system. As an outcome of these scenario 
analyses, the price the GBR could offer to farmers above their production costs (€ t-1 
dry matter) was calculated (Chapter 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The GBR model was subjected further to scenario analyses, using GIS spatial analysis 
of two contrasting case studies: a) a dairy farm in the south of Ireland ; and b) a beef 
Fig. 1.1 Overview of steps taken to assess the GBR blueprint  
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farm in the mid-west of Ireland. This was carried out to investigate the extent to which  
the geographical constraints of total biomass availability and surplus biomass 
availability would impact on the profitability of the GBR system. The extent to which 
socio-economic factors of each case study govern the attractiveness of GBR for both 
the farmer and green biorefinery operators was also investigated using partial budget 
analysis (Chapter 6). 
 
This thesis contributes to the knowledge base for alternative uses of Ireland’s grass 
biomass resources. It provides a framework or blueprint which has identified specific 
key areas which require further detailed research, in order to make green biorefinery 
operations in Ireland an eventuality.  
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2 
Alternative use of grassland biomass in Ireland: 
Grass for Biorefinery 
 
 
 
 
 
 
 
 
 
 
 
 
S. O' Keeffe, R. P. O. Schulte and Struik, P. C. (2009) In Grassland Science in 
Europe, Vol. 14 (Eds, Cagaš, B., Macháč, R. and Nedělník J.), pp. 297-313. 
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Abstract 
In Ireland approximately 3.8 million hectares are devoted to grassland (silage, hay and 
pasture). With maximum yields ranging between 10−15 t DM ha−1, grass has the 
potential for energy production or other purposes (McGrath, 191). An alternative use 
of grassland could be ‘Green Biorefinery’ (GBR). GBR involves applying technology 
to chemically and physically fractionate grass and grass silage into two streams: press 
cake (the solid fibre fraction) and press juice (the liquid fraction). The press cake can 
be utilised for products such as insulation materials for building. The press juice can 
be used to produce high value products which could be used as substitutes for mineral 
oil derived products such as lactic acid for plastic and polylactide (PLA) production, 
proteins for the animal feed and cosmetics industries. Using the biorefining 
experiences of various European countries as a benchmark, the potential for 
establishing a Green biorefinery system in Ireland was reviewed and a conceptual 
blueprint for an Irish Green biorefinery was developed. The relevant knowledge gaps 
associated with the supply side of an Irish Green biorefinery system which need to be 
determined in order to assess the feasibility of the conceptual GBR blueprint were also 
identified.  
 
 
Keywords: Grass, Ireland, Green Biorefinery, grasslands, Europe 
 
 
1 Introduction 
For the last ten years in Europe and worldwide, the need to reduce atmospheric CO2 
emissions has been one of the main driving forces to use renewable resources for 
energy and chemicals (Danner and Braun, 1999). Biomass can be used to replace fossil 
based raw materials for applications such as heat, electricity, transport fuels and 
chemicals; together, these four uses comprise the bulk of the western world’s total 
fossil consumption (Sanders, 2005). ‘Green Biorefinery’ (GBR) could theoretically be 
used for all four. It is an integrated refinery concept using green biomass (pasture) as 
raw material. High value biochemicals can be extracted from the grass liquid fraction 
(press juice). These could be potential substitutes for mineral oil derived products, 
such as lactic acid, which can be used as a building block for plastic production in the 
form of polylactic acid (PLA). Proteins and amino acids can be extracted for 
applications such as animal feed or cosmetics. The grass fibre fraction can be utilised 
for lower value products such as building materials (Kromus et al., 2004). 
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The residual grass slurries or ‘side streams’ remaining after processing the green 
biomass, can then be fed into an anaerobic digester (AD) to produce biomethane gas, 
and used to produce biomethane gas, which can be used in electricity and heat 
generation (Grass, 2004). During the last ten years the activities in the field of 
biorefinery systems have grown, particularly the Green biorefinery concept, which is 
currently in an advanced stage in many EU countries. Many European countries have 
successfully demonstrated the Green biorefinery concept. In Germany (Geveke, 2009), 
Austria (Van Den Berg and Rademakers, 2007), Switzerland (Grass, 2004) and 
Denmark (Thomsen et al., 2004). Table 2.1 provides an overview of the available 
literature on the conceptual and technological advancements made by the predominant 
European countries interested in Green biorefinery (GBR). 
 
 
2 A review: European countries and the driving forces which led to the 
Green biorefinery concept 
 
2.1 Denmark: Green crop drying industry 
 
In 1990, the Green biorefinery initiative began in Denmark (Kromus, 2002). The green 
crop drying industries were generating large quantities of ‘Brown juice’ or waste plant 
juices, during green pellet production. This brown juice was being used as a fertiliser 
(high potassium and nitrogen); however land application was restricted to autumn 
(Thomsen, 2004). The rising disposal costs and environmental restrictions catalyzed 
the research into alternative solutions for ‘Brown juice’. The high protein content of 
the juice gave it the potential to be used as a substrate for fermentations and this is 
what catalysed the advancement of the Green biorefinery concept in Denmark. The 
aim was to convert a simple drying industry to a whole crop utilization factory, with 
lysine being produced from the plant juice streams (Kromus, 2002). The related 
research is outlined in more detail in Table 2.1. In 2002, Agro Ferm A/S developed a 
facility in Esbjerg using the waste brown juice from the pellet generation as a growth 
medium for lysine production (Van Den Berg and Rademakers, 2007). The Danish 
Green biorefinery encountered two problems that required research. The first was 
quality control due to the variability (seasonal, weather) of the plant juice and the 
second was the storage of the plant juice as it was only available in the growing season 
of grass, i.e. from May to November. 
.
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A conservation process was developed which used the untreated fresh brown juice 
directly as a lactic acid fermentation medium (Andersen and Kiel, 2000). 
 
 
2.2 The Netherlands: Combining potato and grass refining  
 
The desire to enhance the viability of the potato refining industry for starch production 
was the driving force for the Netherlands development of GBR. Potato refining was 
restricted to potato availability (August to March); therefore processing grass from 
April to August meant the plant could be in operation all year (Sanders, 2005). The 
Dutch ‘Prograss consortium’ fractionated grass into three process streams of protein, 
fibres and grass juice, at their pilot plant in Foxhol (Groningen). Four tonnes of fresh 
grass material were processed per hour with the central part of the process being a 
mechanical refiner as used in the pulp and paper industry. The Dutch consortium was 
interested in extracting the protein content of the grass. However, they found grass 
fibres contributed the biggest bulk of the grass feedstock and high-fibre grass 
presented greater technical challenges for extracting plant protein. They focused on 
advancing macerating or primary separation technologies as outlined in detail in Table 
2.1. They concluded that grass input should only cost the factory about 50-80 Euro per 
tonne grass DM to make the processes economically viable (Sanders, 2005). 
 
 
2.3 Germany and Austria: Biogas production  
 
An Austrian study noted the dependency of ‘biorefineries on biogas and determined 
that provided the situation remained positive for green energy then the opportunities 
for development of a Green biorefinery was good (Popa-CTDA, 2005). Both Germany 
and Austria have state-of-the-art biogas technologies already in place accredited to 
The German Renewable Energy Sources Act (2000) and the Austrian Eco-Power Act 
(2003). These policies proved to be crucial for supporting the development of 
technologies as they assured a fixed income for biogas producers connected to the grid 
for a specified period. The guaranteed fixed incomes from electricity sales encouraged 
farmers to start producing biogas and in addition, to become familiar with the related 
technologies; expansion into other biomass technologies was the next progressive step. 
Both countries have examples of ‘Green biorefineries’, at various stages of 
technological implementation. An example from Austria is the biomethane gas station 
for cars in Eugendorf. The vehicle gas fuel is a blend of 20% CO2-neutral biogas and 
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80% natural gas. The biogas is generated from the fermenting of smooth meadow-
grass (Poa pratensis) and all the grass is converted into a useable fuel and organic 
fertiliser (Van Den Berg and Rademakers, 2007). The establishment of the basic 
biorefining infrastructures (biogas plants) in Austria and Germany has allowed 
researchers from both countries to focus on the more advanced down streaming 
technologies for processing the press juice, as outlined in Table 2.1. These 
technologies will determine the success of a Green biorefinery, as they will determine 
the capital investments needed for a Green biorefinery (Kamm et al., 2000; Reimann, 
2006). The heterogeneous nature of the green feedstock requires delicate unit 
operations in order to produce an end product of acceptable quality, which is 
expensive. Without such processing, the products will be restricted to low-grade (and 
lower value) applications such as animal feeds and lactate salts used as road de-icers 
during the winter months. On the supply side, both countries noted the need to 
improve the technical and economic attributes of silage production, for it to be used as 
a potential substrate for industrial chemicals (Danner et al., 2000). Mähnert et al. 
(2005) noted that the quality of biogas produced was also influenced by quality of the 
silage. 
 
 
2.4 Switzerland: A unique example  
 
The Swiss biorefinery model is of interest to Ireland, as the Swiss biorefinery plant 
was built in 2000 without the advantage of pre-existing green industry and in 
conditions comparable to Ireland’s current day situation (at time of writing). 
Switzerland - with a high dependency on fossil fuels for energy production and 
renewable electricity generated from hydropower or nuclear power - had a minimum 
emphasis on generating biogas from biomass (Jegen and Wustenhagen, 2001). The 
Swiss researcher Grass (2004) noted that, as Switzerland is a country which did not 
have many biomass to biogas plants, it therefore appeared to be lacking the policy 
framework to support a biorefinery initiative. The full scale industrial pilot plant 
demonstrated the practical application of grass biorefinery and managed the issues of 
handling grass (summer-autumn) and silage (winter-spring) (Grass, 2004). The main 
products included technical fibres and biogas from grass, which was used in a 
combined heat and power (CHP) plant. In 2003, the biorefinery plant ceased 
operations, as it was not economically viable, predominantly due to the fact that 
production of biogas and power required high investment and generated a low return 
selling to the grid. Despite this, the Swiss have imparted many valuable insights into 
the Green biorefining process. These include:  
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• Small-scale operations were more advantageous than large-scale operations, as 
a smaller plant means lower levels of initial investment and enables easier 
organisation of plant operation and management of system, obtaining biomass 
from a cost-effective catchment area (i.e. lower transport costs);  
• Determining the value added of a potential product from a biorefinery and 
having an adequate plant design is crucial for success. The related yield per 
tonne of raw material and the marketability of the product on a large scale are 
also vital parameters to be considered (Grass, 2004).  
 
 
3 Ireland’s current scenario relative to Europe: Challenges for an Irish   
Green biorefinery  
Unlike in other European countries, there has been a historic under-investment in 
energy networks and an absence of a coherent energy policy in Ireland. The result has 
been the slow development of the biofuels industry, predominantly attributable to the 
lack of fiscal incentives and lack of transparency in grid access to boost the 
commercial viability of biofuels (EU and Irish Regions Office, 2006). In comparison 
to continental Europe, Ireland currently lacks the basic technological infrastructures 
which have allowed for the European advancements in Green Biorefinery. These 
include green crop drying factories (there is only one Irish operation) and anaerobic 
digesters for biogas production. Digester technologies are facing major stumbling 
blocks in Ireland and have been reported as having a much lower potential for 
development than other renewable energy technologies in the country.  However, in an 
attempt to adhere to the guidelines of the Kyoto protocol (2005) and the EU Biofuel 
Directive (2003/30/EEC), the Irish government introduced the REFIT (Renewable 
Energy Feed in Tariff) scheme in 2006. This is a policy framework similar to the 
policies in Germany and Austria outlined above, with the aim to provide financial 
incentives for alternative energy sources (EU and Irish Regions Office, 2006) and 
move Ireland in line with the European expertise of biomass to bioenergy. Another 
issue for Ireland is the societal acceptance and support for these new bioenergy 
technologies as they have not been widely demonstrated, or proven to be viable in the 
long-term for Ireland. This lack of knowledge could have an impact on market 
confidence, as well as farmer’s willingness to supply biorefineries. 
 
With livestock reductions due to CAP (Common Agricultural Policy) reforms 
potentially generating a large surplus of grass (EU Commission, 2010), and farmers 
already familiar with the techniques and equipment of grass husbandry, grass could be 
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one of Ireland’s most valuable biomass resources for the future. The most efficient and 
sustainable means of utilising grass needs to be investigated and this includes 
assessing the feasibility of ‘Green biorefinery (GBR)’. Ireland is currently in an 
advantageous position to assess its green biomass options. Using the key findings of 
Europe as a benchmark, a GBR blueprint for Ireland can be developed and 
investigated to assess the feasibility of GBR as an alternative use of Irish grassland.  
 
 
3.1 European Biorefinery findings for Ireland to consider 
 
The two key European findings which could hold significance for an Irish Green 
biorefinery concept are: 
1) Knowledge of the quality (i.e. proportion of fibre, protein, sugars) and quantity 
(yields) of the green feedstock available and the marketability of the biorefinery 
products was a guiding principle of the Swiss biorefinery model, as this helped 
to develop and design a viable biorefinery concept (Grass, 2004). 
2) Socio-economics and sustainable agriculture were the foundation of the 
Austrian biorefinery approach in order to create an efficient and cooperative 
supply chain management. The Austrians highlighted the need to identify 
potential catchment areas, where conditions are optimal to support a biorefinery 
system. Such areas should have good grassland and farmers interested in 
guaranteeing a supply of green biomass (grass or silage) to a biorefinery 
(Kromus et al., 2004). 
 
The rest of this paper will outline the approach taken to develop a conceptual blueprint 
for a Green biorefinery system in Ireland. The relevant knowledge gaps associated 
with the supply side of an Irish Green biorefinery will also be identified. 
 
 
3.2 Available data and existing knowledge  
 
3.2.1 Knowledge of green biomass (pasture) – quantity  
 
Agricultural land is approximately 61% of the total land mass of the Republic of 
Ireland and approximately 90% of the agricultural area is devoted to grassland farming  
(O' Mara, 2008), which is dominated by dairy and beef systems, as grass is the 
cheapest feed available (O' Riordan et al., 1998).  The large extent of grassland area is 
due mainly to climatic conditions (Keane, 1986) and national soil characteristics 
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(Gardiner and Ryan, 1969). Total annual grass dry matter (DM) production is 
predicted to vary from approx 15 t ha-1 in the south-west to 11 t ha-1  in the north-east 
in an average year (Brereton, 1995). Theses high yields give grass the potential for 
energy production or other purposes (McGrath, 1991), such as Green biorefinery. In 
Ireland pasture growth begins in February or March depending on location and 
accelerating rapidly up to peak growth rates in May (longer day length). Growth then 
declines gradually over the summer and autumn, sometimes with a second peak in 
August (O' Mara, 2008). Just over one million ha is harvested for silage (O' Kiely et 
al., 2004 ), with the first cut harvested around the peak of the growth curve (May/June) 
and the second cut taken at the tail end of the growth curve (July/August).  
 
 
3.2.2 Knowledge of green biomass (pasture) – quality  
 
Grassland species vary in their ontogeny (e.g. changes in components of leaves or 
stem during ageing) and ontogeny has a dramatic effect on quality, both in grass 
species and in herbs (Bruinenberg et al., 2002). Permanent pasture is the predominant 
pasture type in Ireland and also for use in silage cutting systems (Fositt, 2000; O' 
Connell, 2005; O' Kiely et al., 2000). Intensive management (reseeding, high cutting 
frequency) and high nitrogen (N) application rates result in high DM yielding swards, 
sometimes entirely dominated by Lolium perenne (High quality swards-Class: 
Molinio-Arrhenatheretea; association Lolio-Cynosuretum) (Fositt, 2000). With less 
intensive management moderate quality swards (Molinio-Arrhenatheretea; association 
Centaureo-Cynosuretum) associated with secondary grass species, such as meadow-
grasses (Poa spp.), Yorkshire-fog (Holcus lanatus), bent grasses (Agrostis spp.) and 
herbaceous species including docks (Rumex spp.) are dominant in the sward (Fositt, 
2000). For Green Biorefinery, there needs to be a thorough understanding of the 
relationship between the quality of the end product and the raw material (green 
biomass) (Grass, 2004). Table 2.2 provides an insight into the potential grass fractions 
or quality parameters from a range of selected grass species and herbs associated with 
Irish permanent grasslands and silage fields. For the Swiss biorefinery model which 
produced insulation board and protein feed pellets for animals, Grass (2004) 
determined that two of the most important quality parameters for assessing a grass 
feedstock, are the fibre and protein contents.  
 
Forage quality outlined in the literature in general is a nutritional evaluation, used in 
livestock production systems (Buxton, 1996). Although these analyses are limited with 
respect to the raw material requirements of a GBR, they still provide valuable insight  
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into the composition of the biomass (grass or silage) feedstock. In the case of the 
Green biorefinery the press cake comprises of c. 800 g fibre and 200 g other products 
(e.g. proteins, amino acids, ash, sugars) per 1 kg DM (Hulst et al., 2004; Ketelaars and 
Table 2.2. Overview of potential yields and grass fractions of botanical species common to silage pastures 
 
Yield 
t DM-1 ha 
1NDF 
kg t-1 DM 
1CP 
kg t-1 DM  
1WSC 
kg t-1 DM  
Species     
Lolium perenne 2.38-11.94 
Fr ,H, M, P 
348-548.6  
C, Dm, T, Wl, Wr 
120.6-244.37 
Fr, C, H, T, Wc, 
Wr 
114-179.36 
M, Wc ,Wr 
Agrostis spp. 2.63-10.05 
Fr , P, S 
 137.5-218.75 
Fr ,H, Wc 
87 
Wc 
Poa spp. 1.49-10.16 
Fr, H, P 
433-716 
B , HL ,Wr, Z 
 
135-227.5 
Fr , H, Hl, Wc 
,Wr 
92-149 
Wc, Wr 
Holcus lanatus 3.68-10.56 
Fr , H 
426-593.6 
C, Hr, Wr 
124-220.06 
C, Fr , H, Wc, 
Wr 
114-142 
Wc, Wr 
Trifolium repens 
 
229 
Wr 
272.52-275 
   Fr2, Wr 
83 
Wr 
Rumex sp. 
obtusifolius 
0.71-8.8 
Dm, Hu 
128.9-286 
Dm, Fb, Hp, Wr 
 
     193.-
298.13 
    Fb, Hp, Wr 
76-208 
Wr, Hp 
Ranunculus sp. 
bulbosus 
 152.8 
Fb 
250.06 
Fb 
 
 
1. NDF = Neutral Detergent Fibre, CP = Crude protein, WSC = Water Soluble Carbohydrates 
 
Subscript refers to the peer reviewed literature, from which the ranges of values were sourced. 
 Figures reported in this table have been modified to kg t-1 DM 
 
Brief description of experimental background for results referred to above:  
 
B (Baron et al., 2004) three year mean, regrowths harvested mid April, mid Sept (Poa spp. = P. pratensis). 
C (Chaves et al., 2006) the averaged sum of the individual plant parts, summer harvest (leaf, stem, flower). 
Dm (Derrick et al., 1993) samples harvested on the 28th Oct. Lolium perenne was leafy (results were reported in % 
DM). 
Fb (Fairbairn and Brynmor, 1959) Rumex sp. = flowering stage. Ranunculus sp. at pre-flowering stage. Figure refers 
to crude fibre content calculated from absolute dry matter. 
Fr (Frame, 1991) three years meaned at an annual rate of 0, 120, 240, 360 kg N /ha respectively. Monoculture plots 
(L. perenne cv. Perma, Agrostis spp. = commercial, Poa = P. pratensis.  
Fr2 (Frame et al., 1998) figures for CP derived from N content (N × 6.25). 
H (Haggar, 1976) primary growth yields. CP derived from N content (N × 6.25), Monoculture plots (Poa spp. = Poa 
trivialis, Agrostis spp. = A. stolonifera, L. perenne = S23) fertiliser rate 400 kg N ha-1 a-1. 
Hl (Holman, 2007) mean of two years, P. pratensis in R0 (booting stage), R4 (anthesis) pooled across cvs. 
Hp (Hejduk and Doležal, 2004) crude fibre content of 2nd cut forage (6 weeks after first). 
Hr (Haper et al., 1999) mean values from one growing season (results reported as %DM). 
Hu (Humphreys, 1995) under a three cut silage system. 
M (McGrath, 1991),  mean of three years of medium heading L. perenne cvs., First cut in early May. Monoculture 
plots 
P (Peeters and Decamps, 1994) yield values for the 24 April, 27 May, 9 June respectively, at a rate of 100 kg N ha-1 
during the first growth cycle in spring.  (Poa spp. = Poa trivialis). 
S (Sheldrick et al., 1990) annual dry matter production for three consecutive years, at an N rate of 200 kg N ha-1. 
T (Turner et al., 2006), mean values of L. perenne at three leafy stage. 
Wc (Wilson and Collins, 1980) results three years meaned. 
Wl (Wilman et al., 1996) to the mean result of three cuts over three years. 
Wr (Wilman and Riley, 1993) meaned pot results (n=4) (Poa spp. = P. annua). 
Z (Zenmenchik et al., 2002) values the mean of three years (three cut system) fertilised at two rates of 56 kg N ha-1 
and 224 kg N ha-1. 
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Rutgers, 2002). Although underestimating the potential quantity of press cake 
available from the grass biomass, the cell wall or solid fibre fraction can be used to 
approximate quantity of press cake (Brehmer, 2008; Neureiter et al., 2004) available 
from the grass biomass. This can be estimated using the detergent system, i.e. Neutral 
Detergent Fibre (NDF) (Cellulose, Hemicellulose, and Lignin) (Van Soest, 1963). The 
crude protein (CP) content is used to describe all forms of N present in a plant. The 
amino acids in a plant usually contain on average 160 g N  kg-1 DM; therefore the CP 
content is calculated as 6.25 × N content value (g kg-1) (Ferguson and Terry, 1957). 
This analysis can be used to indicate the initial crude protein quantity available for 
extraction from the feedstock products mentioned above (Brehmer, 2008). 
 
 
3.3 Identification of potential location for a GBR: Socio-economic drivers 
 
The different supply chains and process structures for a Green biorefinery system will 
depend on the natural and agricultural setting (e.g. biomass availability, DM yields) of 
the biorefinery catchment region. This also introduces regional economical factors 
influencing the overall process structure (Halasz et al., 2005) i.e. in areas where 
current farming systems are profitable, supplying grass to a GBR may not necessarily 
provide any additional financial benefits to farmers interested in supplying a GBR.  
 
Hynes et al. (2006) used the Simulation Model for the Irish Local Economy (SMILE) 
to statistically match the more detailed data from the National Farm Survey (NFS) to 
the Census of Agriculture. The result is a geographical output which enables the socio-
economic development and policy changes in farming enterprises at a local level, 
electoral division (ED) across Ireland to be analysed. These SMILE simulations 
highlight Irish farm income to show a very distinctive northwest/southeast divide (Fig. 
2.1). The broad division of farming in Ireland into marginal farming areas in the north 
and west and more commercial farming in the south and east has also been illustrated 
in the geographic study by Crowley et al. (2007). Their detailed empirical analysis of 
the geographic of farm structures, farming systems, agricultural measures and part-
time farming were synthesised into a typology of five farming zones or five different 
agro-geo-climatic zones within Ireland (Fig. 2.2).  
 
The three zones in the north and west of Ireland include: the Purple zone with main 
characteristics of high nature value farmland, Blue and Green zones with main 
characteristics of agricultural sustainability through part-time farming The two zones 
in the south and east are the Orange zone of commercial agriculture and the Red zone 
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of threats to agricultural sustainability as the main characteristics (Crowley et al., 
2007). The impacts of CAP reforms and reduced livestock numbers within these 
regions will be a very important factor for GBR locations, as a GBR facility needs to 
be located in an area with adequate grass available to be supplied.  
 
 
4 Conceptual Blueprint for an Irish Green biorefinery  
From the literature review a blueprint for an Irish Green biorefinery was developed, 
available technologies, green biomass and socio-economics were used as the 
framework to describe the most suitable GBR system in-the-short term for Ireland.  
 
4.1 Technologies  
 
The most available European literature, peer reviewed literature and discussion with 
biorefinery experts was used to assess the availability and robustness of current and 
emerging biorefinery technologies. The Swiss biorefinery model adopted a gradual 
approach, implementing the basic extraction technologies or “crude technologies” 
first, with the aim of retrofitting to produce other products when commercially viable 
to do so. The model was also an example of a biorefinery at an industrial level, 
successfully producing fibre for insulation material, protein to be used as an animal 
feed and biogas to produce electricity and heat. The implementation of the basic GBR 
technology would be a good starting point for a nascent Irish Green biorefinery in the 
short-to-medium term, with the longer-term goal of retrofitting the GBR facility to 
produce higher value products. Therefore an adapted version of the Swiss GBR model 
was used to develop aspects of the Irish GBR model. Developing and appraising the 
Swiss GBR model in an Irish context will help identify problems and potential 
solutions or areas for further research. 
 
The prices obtained in Ireland for biomass to energy (ca 0.12 €) (at time of writing) are 
relatively low (approx. 0.07 €c lower than in mainland Europe) to be a viable option 
for a GBR to sell the electricity generated on site and buy in the required energy. 
Unlike the Swiss model which sold the energy to the grid, the energy generated by the 
anaerobic digester would be used for the energy intensive Green biorefinery processes 
(i.e. fiberization, drying). 
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4.2 Green biomass  
 
Farmers decisions to adopt new technologies can vary extensively for a number of 
different factors (i.e. demographics, farm size) (MackenWalsh, 2002; Mathijs, 2003). 
With both Irish farmers and specialised agri-contractors (who harvest the grass) skilled 
in grass husbandry, particularly a two-cut silage system, putting this knowledge to use, 
would be beneficial for the GBR and the farmer. Therefore the initial transition to 
farming for a GBR system could potentially be smoother if “current harvesting 
practices” were adopted. The Swiss GBR model operated using a grass/silage system, 
with grass processed in the biorefinery for 4-5 months of the year and silage for the 
remainder of the year. The Austrian GBR, proposed (grass) silage only as the best 
feedstock for GBR (Kromus et al., 2004). Therefore, as both feedstocks could be 
viable in an Irish context, both contrasting feedstock systems will need to be assessed 
to determine their feasibility for an Irish GBR system, using the current herbage 
cutting regimes as the bench mark for grass availability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 Farmer’s Gross margins (€ a-1), GIS output of SMILE 
simulation.  
Farmers Gross Margins  
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4.3 Socio – economics - centralised or decentralised? 
 
Most European studies emphasise the importance of a decentralised approach, because 
of the decentralised nature of the raw material. The aim of a decentralised concept is to 
have a direct impact on the economic structure of rural regions, supporting the 
sustainable development of such areas (Grass, 2004; Kromus et al., 2004). Therefore 
we hypothesise that the Irish biorefinery should be decentralised and based in the 
centre of a rural catchment using small-scale operations and which were deemed as 
more advantageous by Grass (2004) for a number of reasons, the main one being ease 
of operation and flexibility.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.2 Agro-geographical zones defined by Crowley et al. (2007) 
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Blueprint: 
 
To summarise: 
“the optimum conceptualised Green biorefinery system in Ireland should be a small-
scale decentralised plant located in a catchment area which is experiencing declining 
livestock numbers and hence increased surplus of green biomass (pasture), with low 
farm income. The GBR will operate using a grass/silage system, or silage only system. 
The processing plant should be situated in reasonable proximity to rural settlements, 
so that there is potential to supply local amenities with heat or electricity from the 
plant. The products potentially produced by this processing plant will include 
insulation products and protein pellets for animal feed, produced from the 
proteinaceous fraction of the press juice. The waste streams or stillages from the 
biorefinery will be used to generate biogas produced from anaerobic digestion of the 
fibre slurries. The biogas produced will be used to supply the biorefinery plant with its 
own electricity, and heat for drying the press cake. The residual material remaining 
after the anaerobic digestion will then be used as fertiliser and supplied back to the 
associated farmers as a part of a “waste management strategy” and to maintain an 
adequate nutrient cycle within the supply chain”. 
 
 
4.4 Knowledge gaps and actions required to assess the GBR blueprint 
 
4.4.1 Green biomass quality 
 
Grass (2004) suggested that price schemes for grass delivered to a Green biorefinery 
should be established with respect to the raw material characteristics required to 
achieve the desired end product yield and quality parameters. Variations in grass 
quality harvested from Irish permanent pastures will depend on, inter alia, botanical 
composition, geographical location, local climate, fertiliser management, and growth 
stage at time of harvesting (Van Soest et al., 1978; Buxton, 1996). Therefore the 
suitability of green biomass under current harvesting regimes in Ireland, i.e. two-cut 
silage system, for supplying a GBR facility described in the blueprint needs to be 
assessed. The fundamental objective of grassland management for conventional 
pasture-based systems is to match herbage supply to herbage demands.  However, with 
the potential variability of grass quality from Irish permanent pastures, the application 
of modelling (Barrett et al., 2004) and scenarios to predict biomass yields and quality 
from permanent pastures could be a useful approach to begin identifying the potential 
of permanent pastures as a feedstock for a GBR application.  
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4.4.2 Socio-economical data used to identify the optimum locations  
 
It is important for Ireland to identify suitable regions with adequate grass supply and 
the ‘socio-economic’ factors, which would support a Green Biorefinery. 
A list of criteria has been identified from the literature, which need to be considered 
when determining the potential location of a GBR. These include:  
1) identifying regions with declining livestock numbers resulting in a potential excess 
of grass, which could be supplied to a biorefinery; 
 2) identifying regions where the gross margins (Fig. 2.1) of livestock farming systems 
are currently low;  
3) locations with higher percentages of  part time farmers as these farmers would have 
less time to devote to livestock production and may prefer the less labour intensive 
option of supplying a Green Biorefinery;  
4) the logistics involved in a supply chain management will also be considered. 
 
 
5 Conclusions 
 
• Despite the specific local reasons for each European country to pursue the 
concept of Green Biorefinery, it is very clear that policy is one of the major 
impetuses providing the foundations and support for such advancements. 
Without the political infrastructure the basic physical infrastructures, such as 
the green pellet industries, starch refining or biogas technologies would not 
have been likely to materialise or given the opportunity to advance towards a 
Green biorefinery concept. 
 
• In the last decade, the Irish government has began establishing a policy 
framework to move Ireland in line with the European expertise of biomass to 
bioenergy, putting Ireland in the advantageous position to assess its green 
biomass options using key findings of Europe.  
 
• The conceptual blueprint for an Irish Green biorefinery is envisaged to be a 
small scale decentralised plant, located in a catchment area which has a 
surplus of green biomass (pasture) and farmers willing to supply the processing 
plant. The idealised products include from the grass fibre fraction: insulation 
materials, heat and energy from anaerobic digestion of fibre slurries. From the 
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grass juice fraction: protein pellets for animal feed. 
 
• However relevant knowledge gaps associated with the supply side of an Irish 
Green biorefinery system haven been identified. These need to be determined in 
order to assess the feasibility of the conceptual GBR blueprint and include: 
o The quantity and quality of grass biomass under a two cut silage system 
and its suitability for the GBR model outlined in the blueprint;   
o Which feedstock system is most viable in an Irish context, grass/silage 
system or silage only? 
o Is a decentralized Green biorefinery the most appropriate economy of 
scale? 
o How will grass/silage quality impact the profitability of the GBR 
system? 
o Where are the potential catchments for the GBR described in the 
blueprint and what factors will determine the optimised locations?  
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Biorefinery blueprint, under a two-cut silage system 
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Abstract 
It has previously been established that Green biorefineries (GBR) could be operated 
using Irish grasslands, and a blueprint for a sustainable GBR industry in Ireland has 
been developed. The objective of this study was to 1) investigate if the quantity and 
quality of biomass available from permanent grassland swards on six contrasting farms 
across Ireland and managed under a two cut silage system were suitable for a GBR 
producing fibre products such as insulation material and protein for animal feed, and 
2) to develop dry matter (DM), fibre and crude protein (CP) biomass supply models as 
a function of the combined effects of botanical composition of pastures, phenological 
growth stage (GS) at time of cutting, nitrogen fertiliser application rate and weather, 
and to subject the biomass supply models to scenario analysis to investigate system 
trends. Fibre was determined to contribute c. 500 g kg-1 pasture biomass DM or greater 
and CP fractions contributed greater than 100 g kg-1 pasture biomass DM. It is 
concluded that permanent pastures under a two-cut silage system are compatible with a 
GBR blueprint model. All of the biomass supply models displayed satisfactory 
goodness of fit and the sensitivity analyses suggested that some secondary grass 
species may have potential to be used in a GBR system.  
 
 
Keywords: Grass, Ireland, Green Biorefinery, permanent pasture, scenarios 
 
 
1 Introduction 
Grasslands are one of the world’s most important biomes covering approximately 69% 
of the agricultural area or 26% of total land area (FAOSTAT, 2008).  In Ireland, 
approximately 90% of the agricultural area is devoted to grassland farming (O' Mara, 
2008) and reforms in the Common Agricultural Policy of the EU (CAP) have reduced 
livestock numbers resulting in surpluses of grass in some areas. ‘Green Biorefinery’ 
(GBR) is a potential alternative use of Irish grass biomass. It involves chemically and 
physically fractionating grass and/or grass silage (Kiel, 1998) into two streams: press 
cake (the solid fibre fraction) and press juice (the liquid fraction). A “Blueprint for an 
Irish GBR” has been proposed by O’Keeffe et al. (2009), based on an adapted Swiss 
GBR model producing methane from an anaerobic digester, insulation materials from 
the press cake and a proteinaceous product for animal feed from the press juice. They 
also proposed the adoption of “conventional” farming practices (i.e. a two-cut silage 
system) for the initial transition to a GBR system. Knowledge gaps associated with the 
feedstock supply side of an Irish GBR system include an assessment of the quantity 
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and quality of grass biomass available from Irish permanent pastures under a two-cut 
silage system and its suitability for the GBR model outlined above. 
 
The grass quality harvested from Irish permanent pastures will depend on, inter alia, 
botanical composition, geographical location, local weather, fertiliser management, 
and growth stage at time of harvesting (Fositt, 2000). In Ireland permanent pasture is 
the predominant pasture type (O' Kiely et al., 2004 ; O’Connell et al., 2004). Intensive 
management of permanent pasture results in swards sometimes entirely dominated by 
Lolium perenne. Less intense management, e.g. reduced cutting frequency, lower 
animal stock rates, lower rates of fertiliser application, results in more species or 
secondary grass species in the sward, such as meadow-grasses (Poa spp.), Yorkshire-
fog (Holcus lanatus), bent grasses (Agrostis spp.) and herbaceous species e.g. docks 
(Rumex spp.), creeping buttercup (Ranunculus repens) (Fositt, 2000).  
 
Grass (2004) suggested that price schemes for grass delivered to a GBR should be 
established with respect to the characteristics required to achieve the desired end 
product yield and quality. With the range of these characteristics outlined above, 
models (Barrett et al., 2004) and scenario analyses are required to estimate grass 
biomass quantity and quality from permanent pastures when identifying the potential 
of permanent pastures as a feedstock for a GBR. Therefore, the aims of this paper are:  
 
1) To assess the yields of dry matter (DM), fibre (neutral detergent fibre - NDF) and 
crude protein (CP) of grass swards on six contrasting Irish farms. These farms differed 
in geographical location, soil type, weather, previous management and sward botanical 
composition. They were all subjected to a two-cut silage management system (with the 
grass produced between March/August and the end of the growing season not being 
included in the system) and assessed under three annual input rates of inorganic N 
fertiliser (45, 90, 225 kg N ha-1 a-1) in two successive years.  
 
2) To use the data from the same six contrasting farms to:  
a. Develop biomass supply models to predict DM, fibre and CP yields as a 
function of the combined effects of botanical composition of pastures, 
phenological growth stage at time of cutting, nitrogen fertiliser rate and 
weather.  
b. Subject the biomass supply models to scenario analyses to investigate the 
combination of botanical composition and management which maximises 
DM, fibre and CP yields, and apply sensitivity analyses to the optimised 
scenario to examine trends in the feedstock options for a GBR.   
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2 Materials and methods 
 
2.1 Harvesting of grass biomass  
 
Site selection was based on the five farming zones or agro-climatic regions identified 
by (Crowley et al., 2007b) (Table 3.1). In early March 2007, plot areas were fenced to 
prohibit further animal grazing. Herbage was removed to a 5 cm stubble height to 
ensure a similar sward state when spring growth commenced. Herbage was similarly 
removed in late autumn to ensure a satisfactory quality of the grass biomass for the 
following harvest season. At each of the six sites, three annual nitrogen treatments of 
45, 90, 225 kg N ha-1, respectively, were applied as calcium ammonium nitrate (275 g 
N kg-1) to the plots (2.5 m × 2.0 m), each treatment with four replications in a 
completely randomised design. Fertiliser was applied to the plots annually in two 
applications, 125 kg N ha-1 March (for the primary growth) and 100 kg N ha-1 
May/June (after first cut). Annually, 30 kg phosphorus ha-1 and 120 kg potassium ha-1 
was also applied, at the same time as the nitrogen applications, 20 kg P ha-1 ,120 kg K 
ha-1 for primary growth and 10 kg P ha-1 35 kg K ha-1 after 1st cut . All six sites were 
fertilised in the same week.  
 
Simulating the national silage harvesting campaigns in Ireland, grass was harvested 
from the plots in two annual cuts (late May / early June and late July/ early August).  
All sites were harvested within approximately one week; except for the most Northern 
site (Fermanagh), which had only one annual cut, in late July (harvesting regime of 
region). In 2008, the second harvest from site B could not be included in the analysis.  
 A strip (1.03 m × 2.5 m) was harvested from each plot using a finger bar mower 
(Agria, Haag, Germany) to determine plot yield above a 5 cm stubble. Representative 
core samples of the harvested grass were taken for chemical analyses; and five to ten 
grab samples per plot were sorted into individual grass species to establish their 
relative abundance. The most common species found in the harvested biomass 
included: Lolium perenne (Lp), Agrostis spp. (As), Poa spp. (Poa), Holcus lanatus 
(Hl), Trifolium repens (Tr), Ranunculus repens (Rr) and Rumex obtusifolius (Rumex).  
The GS of approximately 400 to 500 tillers per plot was also assessed for the 
individual species, using the mean stage count (MSC) of Moore et al., (1991) (Table 
3.2).  
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2.2 Chemical analysis  
 
In addition to DM content, two of the most important quality parameters for assessing 
grass feedstock for GBR are the fibre and CP contents (Grass, 2004). In the case of the 
GBR the press cake comprises of c. 800 g fibre and 200 g other products (e.g. proteins, 
amino acids, ash, sugars) per 1 kg DM (Hulst et al., 2004; Ketelaars and Rutgers, 
2002). Although underestimating the potential quantity of press cake available from 
the grass biomass, for this study the neutral detergent fibre (NDF) (Van Soest, 1963) 
content was used to estimate the quantity of press cake in the grass biomass in a 
consistent and objective manner. 
The CP content (total N x 6.25) of the grass was estimated using a LECO FP 428 
nitrogen analyser (AOAC 1990, method 990-03) and was used to calculate the yield of 
 
 
Table 3.2. Botanical composition of swards at the six sites, species relative abundance, 
meaned across 2 years for 1st and 2nd cut, at  3 rates of N 45, 90, 225 kg ha-1 a-1 (sample 
no = 251) 
Site1 Botanical composition2  Growth stage3  
 
Cut 1 
         
 Lp Poa As Hl Tr Rumex Rr Min Max 
A 91 8 0 1 0 0 0 2.60 3.37 
B 74 4 6 15 1 0 0 2.29 3.20 
C 63 13 22 0 2 0 0 2.42 2.93 
D 95 3 1 0 0 1 0 1.90 3.36 
E 61 17 11 11 0 0 0 2.70 3.29 
F 14 1 49 26 6 2 2 2.65 3.37 
          
Cut 2  
         
A 94 2 2 2 0 0 0 0.98 2.58 
B 68 2 14 14 2 0 0 2.17 2.58 
C 49 2 41 0 7 0 1 1.44 2.94 
D 90 5 1 0 0 4 0 1.01 3.04 
E 50 4 29 16 0 1 0 2.13 2.64 
1. For site codes refer to Table 1 
2. Relative abundance of species (%); Lp = Lolium perenne, Poa = Poa spp. As = 
Agrostis spp., Hl = Holcus lanatus, Tr = Trifolium repens, Rumex = Rumex 
obtusifolius, Rr = Ranunculus repens 
3. Growth  stage at time of cutting; Vegetative stage  1.9, Elongation stages 1.9 - 3, 
Booting stage 3.0 - 3.1, Inflorescence /1st spikelet visible 3.1- 3.3, Spikelets fully 
emerged/ peduncle not emerged 3.3 - 3.5, Inflorescence emerged /peduncle fully 
elongated 3.5 - 3.7, Anther emergence/anthesis 3.7 - 3.9, Post anthesis ≥ 3.9 (Moore et 
al., 1991). 
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CP of the fresh biomass. As some of the CP will remain in the presscake, the CP yields 
can only provide a rough estimation of press juice CP yields. he mass fractions (g kg-1 
DM) of fibre and CP and DM yields (t ha-1) were multiplied to calculate fibre and CP 
yields.  
 
2.3 Weather data  
 
Meteorological data from the nearest synoptic weather stations were used. The 
climatic variables used (Table 3.3) were average daily air temperature (°C), solar 
radiation (J cm-2 day-1), rainfall (mm day-1) and soil moisture deficit (SMD) (mm) 
calculated using the SMD model outlined in Schulte et al. (2005). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.3. Silage cutting dates and mean daily weather characteristics during each growing period for field trial 
plots during 2007  and 2008 
 
Year & cutting dates  
Growing 
period1 
 
Weather2 
 
 
Management of 
sites   
2007 
Year 1 
2008  
Year 2 
 
Days of 
growth 
(d) 
 
Radiation 
 
(J cm-2 day-1)  
 
Air 
Temperature  
(ºC) 
 
Rainfall 
(mm d-1) 
 
SMD  
(mm) 
First cut silage  
  
     
Cork (A) 29th May  75 1452 10.22 1.02 32.01 
 27th May 62 1376  9.79 1.88 11.56 
Roscommon (B) 6th June  72 1622 10.82 1.26 31.68 
  3rd June 70 1543 10.33 1.32 30.49 
Offaly (C) 28th May  76 1527  9.18 0.89 33.77 
  29th May 66 1502 9.22 1.20 16.78 
Wexford (D) 28th  May  74 1429 10.38 1.26 47.18 
  26th May 61 1407  9.78 2.48  8.92 
Monagahan (E) 7th June  87 1360  9.57 1.61 20.49 
  5th June 72 1491  9.90 1.94 16.15 
Fermanagh  (F) 9th July  116 1664 11.38 2.30 12.44 
  25th June 92 1723 10.98 2.13 21.97 
Second cut silage 
  
     
Cork (A) 24th  July   57 1521 13.14 3.65 16.50 
 30th July 65 1490 13.41 3.28 17.70 
Roscommon (B) 30th July  56 1567 14.45 3.16 13.09 
  M/D3 - - - - - 
Offaly   (C) 25th July  58 1539 13.40 3.65 17.22 
  5th Aug 69 1480 13.88 3.38 21.99 
Wexford  (D)  23rd July  57 1520 13.05 3.81 6.87 
  28th   July 64 1625 14.08 3.47 11.62 
Monagahan (E) 31st July  55 1421 13.91 3.90 11.71 
  6th Aug 63 1394 13.98 2.53 27.05 
1. Growing period = period between fertilizer application and harvest 
2.  Radiation = average daily radiation (J cm-2 day -1), Temperature = average daily temperature (ºC), Rainfall = average daily 
rainfall (mm day-1),  Soil Moisture Deficit (SMD) = average soil moisture deficit (mm); all were averaged over the growing 
period  
3. M/D = Missing harvest data 
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2.4 Statistical analysis  
 
Analysis of site data  
 
ANOVA was used to test for significance between site, year, and harvest, across N 
application rate (45, 90 and 225 kg N ha-1 a-1), significance between N rate and site 
was tested across two annual harvests and two years. The least significant difference 
(LSD; P<0.05) test was used to separate means within site, year, and harvest across N 
fertiliser application rate. Means for N fertiliser application rate and site were 
separated after averaging across two annual harvests and two years.  
 
 
2.5 Biomass supply model  
 
2.5.1 Model generation  
 
The diversity-interaction effects model of Kirwan et al. (2009) was the statistical 
approach taken with the field trial data to develop the GBR biomass supply models for 
DM, fibre and CP yields. This statistical modelling framework was developed to 
quantify the direction and magnitude of the species interactions that produce diversity 
effects (performance of a mixture of species over and above that expected from the 
component species performances in monoculture).  
 
The fixed effects included botanical composition (the proportions Pi of the ith species), 
species interactions (specified as PiPj among the ith and jth species), N fertiliser 
application rate (N), soil and weather variables (C) and growth stage at cutting (GS). 
The form of the fixed effects model for each fraction yield (FY) was:  
 
GSCNPPPFY kk
s
ji
ji
jiij
s
i
ii φλαδβ ++++= ∑∑
<
== 1,1
 
 
 
where the effects of species within a functional group [grass (Lp, Poa, As, Hl) and 
forbs (Tr, Rumex, Rr)] were found to perform in a similar manner the species 
coefficients were combined to give a composite functional group coefficient. A linear 
mixed model was fitted to account for repeated measures. Model fitting was conducted 
for both the fixed effects (botanical composition, species interactions, N rate, 
phenological GS, weather variables) and random effects (site, year, harvest) and the 
model of best fit was determined for each chemical component using Akaike’s 
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Information Criterion (AIC). The compound symmetric random structure was the best 
fit for the random model of the DM and fibre yields, while a variance components 
structure was the fit best for the press juice CP yields. The final biomass supply 
models presented are those that gave the lowest AIC value. All models were fitted 
using MIXED procedure in SAS (v. 9.1). 
 
 
2.5.2 Validation of model predictions  
 
The DM and CP biomass yield models were estimated for accuracy of prediction using 
data from field trials on old permanent grassland (Keating and O’Kiely, 2000). The 
relevant fertiliser rate (kg N ha-1), weather data and botanical composition were used 
with the DM and CP biomass supply models to generate predicted values for the field 
trial plots described by Keating and O’Kiely (2000b). The predicted DM yields were 
compared with the observed DM yields over three years; the CP yields were compared 
with one year’s data.  
 
 
2.5.3 Scenario analysis  
 
2.5.3.1 Optimised maximum scenario models  
 
The coefficients of the final linear mixed models (Table 3.5) were used to generate 
scenarios which predicted the maximum DM yields (t ha-1) or maximum fraction 
yields (t ha-1) as a function of botanical composition and grassland management (i.e. N 
fertiliser application rate, GS at time of cutting). Optimised scenarios for maximum 
yields were carried out using the Microsoft Excel 2003 solver function (Microsoft 
Corp., Seattle, WA).  
 
The optimisation process was constrained to realistic values, i.e. the ranges that were 
observed during the two-year experiment, in order to prevent untested extrapolation of 
results. The nitrogen fertiliser was constrained to the advised annual application rates 
for two successive silage harvests of 225 kg ha-1 a-1 (Coulter and Lalor, 2008). The 
relative abundance for the legume proportions were constrained to less than or equal to 
5% of the biomass and Lp was constrained to greater than or equal to 50% relative 
abundance, as this was the predominant range observed in the field trials. The relative 
abundances of Rumex and Rr were constrained to zero as the aim of the optimisation 
process was to determine the optimum pasture species of grasses and legume in the 
Chapter 3 
 
 
36 
mixtures. The GS parameters were constrained to the range 1.9-3.3 (Moore et al., 
1991). For the press juice fractions GS was constrained to < 3.0 (before inflorescence 
emergence). The reason for this was to simultaneously optimise for high DM yield and 
high CP content, which is usually associated with more vegetative swards (GS < 3.0) 
(Heath and King, 1976). Average daily rainfall and air temperature were constrained to 
the average daily values obtained from the field trial data of 2.4 mm day-1 and 13.14 
ºC, respectively.  
 
 
2.5.3.2 Scenario sensitivity analysis  
 
Sensitivity analyses were carried out for each of the optimised scenarios to investigate 
the sensitivity trends of the maximum values to changes in the relative species 
proportion, N fertiliser application rate and GS. These combinations of variables were 
chosen as it was thought they would provide insight into management considerations 
for farmers and for the GBR. The sensitivity analysis was carried out as follows, e.g. 
the DM model predicted Lp at a relative abundance of the sward to be 50%. The 
effects of Lp proportion on DM yields were examined by changing the relative 
abundance of Lp to 15, 25, 5, 75, 85 and 90%.  The remaining relative proportion of 
the sward was partitioned across the other species predicted by the models, in the same 
ratio predicted by the model (i.e. Poa (0.45) + Tr (0.05) = 0.5, Poa = 
(0.45/0.5)*remainder and Tr (0.05/0.5)*remainder). The sensitivity analysis was 
maintained within the model constraints outlined above. The sensitivity of the 
optimised scenario to changes in N fertiliser application rate and GS was investigated 
by reducing the optimised predicted values to 25 % and 50% of the value predicted. 
 
 
3 Results  
 
3.1 Observed yields across six contrasting sites  
 
3.1.1 Yield of DM (t DM ha-1)  
 
The mean DM yields for each site, cut and year are shown in Table 3.4. Between-site 
differences for first cut in Year 1 were greater than in Year 2. There was relatively 
little between-site differences for second cut, however for both years site C produced 
the highest DM yields for the second cut (P<0.001). The between-year differences for 
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first cut showed both sites D and B (P<0.001) to have higher yields in Year 1 and 
lower yields in Year 2 (Table 3.4). The DM yields were higher for sites C and F in 
Year 2 (P<0.01). The between-year differences for the second cut was only significant 
for site C (P<0.001). The biggest difference was shown between cuts, with first cut 
always having the higher DM (P<0.001) yields for both years. For all sites, the annual 
DM yields significantly increased with increasing rates of N fertiliser application, site 
B was the only exception. There was relatively little difference between site annual 
mean DM yields (Fig. 3.1). The mean DM yields from site F were for only a single 
annual cut and, therefore, significantly lower than those of the other sites. The average  
response to increasing rates of N fertiliser application rate for all the sites ranged from 
15-32 kg DM kg-1 N.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1 Dry matter yields for six field trial sites at three rates of nitrogen (45, 90, 225 kg N 
ha-1 a-1) averaged across two years and two annual harvests. The sites codes on top of a 
column (site x N) denote those sites which had significantly different mean DM yields to 
that site at that N application rate. Differences between N application rate means are 
denoted as significant with a capital letter (in white) placed between the treatment 
columns.  The 45N and 225N application rates were significantly different for all sites, 
except D. *P<0.05;**P<0.01;*** P<0.001. (Site × treatment, P < 0.001). 
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3.1.2 Press cake component - Yields of fibre (t ha-1) 
 
The fibre yields equated to approximately 500 g kg-1 pasture biomass DM, under the 
prevailing harvesting regime (Table 3.4), and had trends similar to the DM yields. 
However, fibre yields had greater between-site differences for the first cut. There was 
relatively little between-site difference for the second cut; however, for both years site 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.4. Effects of site, year and cut on DM (dry matter) (t ha-1), fibre (NDF) (t ha-1) and CP (t ha-1) yields 
averaged across three N fertiliser application rates  
Site1  Year DM  S2 Y3 C4 NDF S2 Y3 C4 CP S2 Y3 C4 
 
Cut 1 
     
   
 
   
A 1 8.19 be   4.10 ef   0.98 bcef   
B 1 8.69 ae   4.72 e   1.12 ac   
C 1 7.20 ef   3.57    0.98 abef   
D 1 9.81    5.43    1.29  b   
E 1 7.90 a-c,f   4.37 abf   0.86 acf   
F 1 7.14 c,e   4.28 abe   0.89 ace   
              
A 2 8.26 bcef ns  4.20 bcdf ns  0.88 bf ns  
B 2 7.45 ae **  4.10 acef *  0.77 adf ***  
C 2 8.86 af **  4.39 abf **  0.96 af ns  
D 2 5.02  ***  2.43  ***  0.75 abef ***  
E 2 7.40 ab ns  3.82 ab *  0.74 abdf ns  
F 2 8.39 ac **  4.48 a-c ns  0.80 a-e ns  
              
              
Cut 2 
     
       
A 1 3.29 bde  *** 1.53 bde  *** 0.49 bde  *** 
B 1 3.79 ade  *** 1.80 ad  *** 0.63 a,c-e  *** 
C 1 4.84   *** 2.35   *** 0.77 b  *** 
D 1 3.94 abe  *** 1.82 abe  *** 0.59 abe  *** 
E 1 3.60 abd  *** 1.72 abd  *** 0.52 abd  *** 
              
A 2 4.07 de ns *** 1.93 de ns *** 0.52 de ns *** 
B 2 M5    M   * M    
C 2 6.61 ad *** *** 3.53  *** *** 0.87  ns ns 
D 2 4.25 ae ns * 2.07 ae ns ns 0.50 ae ns *** 
E 2 3.62 ad ns *** 1.96 ad ns *** 0.52 ad ns * 
 
Model : Site × year × harvest ;*** P<0.001 
1. Site list: see  Table 1 
2. S = Least significant of difference (LSD) for between–site means. Site means are denoted as not significantly different (at 
P<0.05) from site codes listed; if no site code follows, sites are significantly different from every other site. 
3. Y = LSD for between–year means. ns, non significant, *P<0.05;**P<0.01;*** P<0.001 
4. C = LSD for between–harvest means,  Cut 1 and Cut 2 for individual years of field trials 
5. M = Data missing for this harvest  
 
   Feedstock scenarios 
 39 
 
 
 
C produced the greater fibre yields (P<0.001). Site D had the significantly higher fibre 
yields for Year 1 (P<0.001), site F had the highest fibre yields in Year 2. For both 
years, site C produced the highest fibre yields for the second cut (P<0.001). The 
biggest difference observed for fibre yields under this cutting system was also between 
cuts; with first cut having the significantly higher fibre yields for both years. 
 
 
3.1.3 Press juice component: Yields of CP (t ha-1) 
 
The CP fractions ranged from 110-130 g kg-1 of the pasture biomass DM for the first 
cut, and 110-160 g kg-1 DM of pasture biomass for the second cut. There was 
relatively little between-site differences in either year for first or second cuts (Table 
3.4). The between-year differences showed the highest CP yields for the first cut in 
Year 1 , with site B and D having significantly (P<0.001) higher CP yields in Year 1 
compared with Year 2. The between-year difference for the second cut was not found 
to be significant for this study. The biggest difference observed for CP yields was 
again between-cuts, particularly for Year 1, with all sites showing significantly higher 
CP yields for the first cut. In Year 2, all sites had significantly lower second cut 
(P<0.001) CP yields, except site C.  
 
 
3.2 Biomass supply models and optimised scenario analyses  
 
3.2.1 DM Yields  
 
3.2.1.1 Model generation 
 
The individual pasture species contributed significantly to DM yields of the sward 
(Table 3.5). The GS of As at cutting (P = 0.0002) and the interaction of average 
nitrogen application rate with the functional groups grass (P<0.0001) and forbs (P = 
0.0227) were significant for increased DM yields. The interaction of average rain with 
both functional groups grass (P<0.0001) and forbs, (P = 0.2733) had a negative effect 
on DM yields. Overall, the model displayed a satisfactory goodness of fit (R2 = 0.78) 
(Fig 3.2a).  
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The DM yields model was estimated for accuracy of prediction using data from the 
field trials of Keating and O'Kiely (2000b). Predicted values were approximately 5-
10% lower than observed values and when plotted against the observed values had an 
R2 value of 0.70 (Fig. 3.3a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.1.2 Optimised scenarios and sensitivity analysis  
 
The optimised scenario for maximum DM yields predicted  8.72 t DM ha-1 (Table 3.6) 
from a sward dominated by Lp, Poa and Tr (Fig. 3.4a), and with N fertiliser 
application rate and GS at their upper limits, i.e. 125 kg N ha-1 and 3.3, respectively. 
The sensitivity analysis for the DM optimised scenario demonstrated the DM yield 
value predicted was highly sensitive to changes in species’ relative abundance, in the 
order Poa >Tr> Lp, with increasing relative abundance of Poa resulting in improved 
DM yields (Fig. 3.4a). The sensitivity analysis showed the greatest sensitivity to 
reduced GS, compared with sensitivity to N application rate, with lower DM yields 
predicted with reduced GS (Fig 3.5a and b). 
Fig. 3.2 Goodness of fit for the mixed linear models DM (a), Fibre (b) and CP (c).  
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3.2.2 Presscake: fibre yields 
 
3.2.2.1 Model generation 
 
The individual species contributed significantly to fibre yields of the biomass (Table  
3.5). Grass species As interacted significantly (P <0.0233) with the other species 
present in the sward. The grass functional group interaction with average N fertiliser 
application rate (grass × N) was highly significant (P < 0.0001) for increasing the fibre 
yields. The functional groups interaction with average daily rainfall (grass × rain) 
significantly reduced the yields for fibre (P = 0.0121). Overall, the model displayed a  
satisfactory goodness of fit (R2 = 0.69), but with reduced accuracy with increasing 
fibre (Fig. 3.2b). The field trials experiments of Keating and O'Kiely (2000b) used to 
validate DM yields and the CP model did not measure the fibre value and, therefore, 
the fibre prediction model was not assessed for accuracy of prediction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3 The predicted DM (a) and CP (b) yields of the botanical model and the observed 
values obtained in the field trials outlined. 
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3.2.2.2 Optimised scenario and sensitivity analysis  
 
The optimised maximum scenarios for fibre yields predicted 3.35 t fibre ha-1 from a 
sward dominated by grasses, Lp, As, Hl, with relative abundances of 50, 21, 29% 
respectively (Table 3.6). N fertiliser application rate and GS predicted at their upper 
limits, i.e. 125 kg N ha-1 and 3.3, respectively. The sensitivity analysis showed a 
pronounced reduction in fibre yields when the relative abundance of Lp was increased 
and relatively lower reduction when the relative abundance of Lp was decreased. A 
similar trend was observed for As and Hl (Fig. 3.4b).  The sensitivity analysis for the 
optimised fibre yield scenarios showed relatively little effect when N fertiliser 
application rate, rainfall and GS were altered from the values predicted for the fibre 
yields (Fig. 3.5a and b.)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4 Results of the sensitivity analysis for the optimised maximum models, DM (a) yields 
and fraction yields fibre (b), CP (c), plotted. 
   Feedstock scenarios 
 45 
3.3.3 Press juice fraction: CP yields 
 
3.3.3.1 Model generation 
 
Overall, the CP model displayed a satisfactory goodness of fit (R2 = 0.78) (Fig. 3.2c). 
All species made a positive and significant contribution to the CP yields of the mixed 
sward, except Rumex and Poa, which were non-significant. The effect of N fertiliser 
application rate significantly increased the CP yields of the sward (P < 0.0001). The 
GS of Lp at time of cutting had a positive effect on the CP yields (P = 0.028). Rain 
had a significant negative effect on the CP yields (P = 0.0002). The CP yields model 
was estimated for accuracy of prediction using data from the field trials of Keating and 
O'Kiely (2000b). Predicted values were approximately 20% lower than observed 
values and when plotted against the observed value had an R2 value of 0.47 (Fig.3.3b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5 Results of the sensitivity analysis for the optimised maximum models, DM yields 
and fraction yields (NDF, CP) plotted against the % deviation from optimised model 
predicted N application rate (a) and GS (b).  
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3.3.3.2 Optimised CP scenario and sensitivity analysis  
 
The optimised maximum CP yields scenarios predicted 0.89 t CP ha-1 (Table 3.5) from 
a sward consisting of Lp at its lower limit (50%), As (45%) and Tr at its upper limit 
(5%) and with N fertiliser application rate and Gs at the upper limits of 125 kg N ha-1 
and 3.0, respectively. This was a lower Gs than the Gs predicted for maximum DM 
and fibre yields., i.e. DM yields and fibre were predicted at 3.3, which refers to the Gs 
when spikelets are fully emerged, stage 3.0 refers to the Gs when the grass is booting, 
and there is more leafy material present in the sward. Increasing the relative abundance 
of Lp resulted in a reduction in the predicted CP yields (Fig. 3.4c). The model was 
highly sensitive to changes in species proportion in the order Lp >Tr> As. Changes in 
N fertiliser application rate, rainfall and GS had relatively little effect on the CP yields 
(Fig. 3.5a and b). 
 
 
4 Discussion 
 
4.1 Year effects and cutting on biomass yield and quality 
 
The temporal differences (between year and cut) in the biomass quantity and quality 
was greater than the between site differences. The DM yields were comparable to the 
ranges (6.72 - 9.92 t ha-1 and 2.40 - 5.89 t ha-1  for first and second cut respectively) 
reported by Keating and O'Kiely (2000b). However, the DM production on site C 
differed significantly from other sites, particularly for the second cut. One explanation 
could be the greater relative abundance of Agrostis spp. in the sward of site C. Agrostis 
species in general produce a higher proportion of their annual yield later in the year 
(summer growth- July/August) relative to Lp, which would result in higher biomass 
yields for the second cut (Cowling and Lockyer, 1965; Haggar, 1976; Henderson et al., 
1962; Peeters, 2004).  
 
The fibre yields were also comparable to the literature at 2.08 - 4.80 t ha-1 (Keady and 
O'Kiely, 1996; Mc Eniry et al., 2007) and this was the prevalent fraction at 500 g kg-1 
DM, or greater. The yield of CP were comparable to the lower ranges found in the 
literature, at 0.40 – 1.52 t ha-1 (Keating and O'Kiely, 2000b). These low CP yields are 
likely related to the low CP content of pasture biomass, cut at a mature GS (Heath and 
King, 1976), particularly for the first cut. The biomass from the first cut would have 
greater plant stem (greater fibre fraction) content than leaf content, hence the lower CP 
   Feedstock scenarios 
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yields. However despite these low yields, the fraction of CP present in the permanent 
pasture biomass still contributed more than 100 g kg-1 DM pasture biomass cut, which 
could still make it a potential product option for a GBR system. However, the 
feasibility of this would need to be investigated further. The results of these field trials 
suggest that biomass from permanent pastures under a two-cut silage system was 
compatible with a GBR focused on producing fibre products such as insulation 
materials and protein products for animal feed. 
 
 
4.2 Farm effects  
 
All sites received the same fertiliser management and were cut within approximately 
one week of each other, resulting in relatively similar growth periods for all farms. 
Under the controlled conditions of this experiment, with the exception of site F, there 
were no large differences observed in pasture yields and quality between sites. A 
potential explanation could be related to the removal of grazing animals from the 
pasture. The grazing animal modifies the botanical composition of a pasture by 
selective grazing (i.e. eating species of preference), uneven re-distribution of ingested 
nutrients via urine and faeces and treading or poaching (Rook et al., 2004). Therefore 
mown and grazed swards will differ due to the variations introduced by the grazing 
animal, which can have a positive or negative effect on the pastures yields (Lantinga et 
al., 1999) and quality (Dumont et al., 2007; Mosquera-Losada et al., 2000). These 
results would suggest that understanding the effects of the grazing animal on the 
quality of the pasture biomass could be an important requirement for GBRs supplied 
with surplus pasture biomass (i.e. pasture biomass in excess of the requirements of 
livestock on the farm).   
 
 
4.3 Model development and validation 
 
A second purpose of this study was to develop a model which could be used to 
generate biomass supply scenarios from Irish permanent pastures under a two-cut 
system for a GBR. Botanical composition and the benefits of species diversity has 
been recognized as an important consideration for pasture biomass quality (Duru et al., 
2008; Nyfeler et al., 2009) and for the sustainability (e.g. carbon sequestration, 
increased yields with low input) of alternative grassland use (Prochnow et al., 2009; 
Tilman et al., 2006; Tonn et al., 2010). Therefore, the diversity-interaction effects 
model was used to develop the biomass supply models for a GBR system. It takes into 
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account botanical species interactions (e.g., niche partitioning and facilitation) leading 
to a diversity effect, which is the excess of mixture performance (i.e. increased DM, 
fibre, CP yields) over that expected from component species’ monoculture 
performances (Kirwan et al., 2009). The model can also account for the combination 
of weather (rain, SMD, air temperature, solar radiation) and management (N fertiliser 
application rate and GS at time of cutting) factors on botanical species effects, species 
interactions effects and functional groups effects (grass and forbs) on the pasture DM, 
fibre and CP yields.  
 
The N application rates interaction with the functional groups, GS interaction with Lp, 
Poa and As were the management factors determined to produce the best model fits. 
The functional groups interaction with rain and temperature were the weather effects 
which resulted in the best model fit. It was the combination of both these 
environmental and management factors with functional groups effects and botanical 
species effects which resulted in models with the lowest AIC (Akaike’s Information 
Criterion) and therefore were included in the biomass supply models. The fibre model 
was the only biomass supply model to include a species interaction effect in the final 
model. The final CP model had no functional group interaction effects and therefore 
the main effects of N and rain were fitted and produced the model with the lowest 
AIC. All of the final models displayed satisfactory goodness of fit.  
 
When validating with an independent data set from a field trial reported by Keating 
and O’Kiely, the model accounted for 70% of the variance in DM yield and for only 
47% of the variance in CP yield. This could be explained by the relatively low CP 
yields and small range found in the original data set used to develop the model and this 
limitation of the models must be considered when assessing the outcomes of the 
optimized maximum scenario.  
 
However, despite these limitations of the biomass supply models, they can be 
employed to investigate feedstock trends for a GBR system, rather than predict 
absolute values. This would provide valuable insight into how the quality and quantity 
of grass biomass coming from permanent pastures under a two cut system could 
potentially affect the profitability of the GBR blueprint outlined in O’ Keeffe et al. 
(2009).  
 
 
4.4 Scenario Analysis – Implications for Irish GBR model  
The optimised DM yield value predicted was realistic and comparable to the literature 
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range (2.40 - 9.92 t ha-1) reported by Keating and O'Kiely (2000b). The sensitivity 
analysis for the optimised DM yields scenario suggested that increasing the Poa 
content of the sward can increase the DM yield. This finding was a little unexpected as 
it is Lp, in general, which is considered the higher yielding species (Frame, 1989; 
Peeters, 2004). However Poa pratensis is being used in Europe as a feedstock in the 
production of vehicle fuel in the form of compressed natural gas (CNG) (Van Den 
Berg and Rademakers, 2007). Therefore there could be potential for Poa pratensis as a 
species suitable for an Irish GBR; however this would need more detailed research. 
The optimised fibre yield predicted was also comparable to the ranges found in the 
literature, 2.08-4.80 t ha-1 (Keady and O'Kiely, 1996; Mc Eniry et al., 2007). The 
sensitivity analysis suggests that both nitrogen and secondary species (common to the 
pasture swards assessed) such as As and Hl, which have a lower agricultural value 
(Frame, 1989; Peeters, 2004; Sheldrick et al., 1990) could benefit a GBR system 
producing fibrous products such as insulation materials (Grass, 2004).  
 
The optimised scenario predicted relatively low CP yields, and therefore the sensitivity 
analysis showed relatively little deviation from the CP yields predicted in the 
optimised maximum model. The model predicted a sward combination of Lp, As and 
Tr and cutting the grass biomass at an earlier GS relative to the fibre model. The 
important consideration to be taken from this scenario analysis is the modifications 
required to conventional cutting systems to increase CP yields for a GBR facility 
producing proteinaceous products as a main or co-product. These scenarios suggest 
that grass would have to be cut at a relatively early GS for high CP yields. This would 
require a GBR producing both fibre and proteinaceous products from the CP fraction, 
to optimise between high DM yields and CP content.  
 
 
5 Conclusions  
The findings of these field trials suggest that biomass from permanent grassland 
pastures under a two-cut silage system is compatible with a GBR focused on 
producing fibre products such as insulation and CP for animal feed. All of the final 
models displayed satisfactory goodness of fit, with the DM model demonstrating the 
greatest power predicting DM yields with a R2 value of 0.70. The CP model had 
relatively lower R2 value of 0.47. The optimised models and scenario analyses 
demonstrate the significance of permanent pastures species for the quality of the 
biomass and suggest that some secondary grass species have the potential to be used 
for industrial applications in a GBR. 
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Abstract  
 
The aim of this paper is to review the potential for a Green Biorefinery (GBR) 
initiative in Ireland and to identify the most appropriate base case scenario for an Irish 
GBR blue print. Three biorefinery process models, which were quantitative 
conservative mass and energy balances, were derived from the literature and 
consultation with various biorefinery experts. The models were combinations of 
feedstock (grass/silage or silage only) and process technologies (manufacturing 
products: fibres, protein or lactic acid). The findings of this study show the most 
appropriate scale (from those analysed in this study) for an Irish GBR blueprint is the 
medium scale, with a minimum government subsidy of c.10%, using a silage 
feedstock. Two possible production scenarios were identified; the first was to produce 
fibre products alone as insulation material (“No Prot” scenario), and the second was to 
include a secondary proteinaceous product as an animal feed (“Prot” scenario). The 
technologies are still developing for lactic acid production; and therefore it was 
included as a potential retrofit for an established biorefinery plant. The current Irish 
silage harvesting practices may require adaptations for a biorefinery application more 
interested in crude protein production e.g. increasing the frequency of cutting would 
lead to a biomass feedstock with greater crude protein content, as it would be cut at a 
more vegetative stage. 
 
 
Keywords: Green biorefinery, grasslands, silage, energy, fibre, biomass 
 
 
1 Introduction  
 
Background of grassland as an important land use 
 
1.1 Overview of grasslands  
 
Grass covers about 3.4 billion ha, which is approximately 69% of the world’s 
agricultural area or 26% of total land area (2008). Grassland (e.g., rangeland, 
agricultural land, semi-natural grassland) biomes contribute significantly to global land 
use. The traditional use of grasslands has been as feed for animal production systems, 
particularly in Ireland where approximately 90% of the agricultural area (3.8 million 
ha) is devoted to grassland farming and animal production systems (O' Mara, 2008). 
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These production systems are facing many environmental and socio-economic 
pressures. The Common Agricultural Policy (CAP) reforms coupled with the Nitrates 
Directive (91/676/EEC) have led to declining livestock numbers and a potential 
surplus of (Connolly et al., 2009; Teagasc, 2009) grassland biomass. These negative 
pressures combined with a low family farm income, and the EU Biofuel Directive 
(2003/30/EEC) promoting a “biobased economy” has led farmers to begin 
investigating alternative uses of their grasslands (Irish Farmers Monthly, 2008). The 
production of biogas for energy or transport fuel (Lenehan, 2004; Murphy and Power, 
2008; Nizami et al., 2009; Smyth et al., 2009) is one such use, another option for 
grasslands is producing feedstock for a “Green biorefinery” (GBR).   
 
 
1.2 The Green biorefinery concept: technologies and potential products 
 
GBR involves applying technology to chemically and physically fractionate (split) 
biomass such as grass and grass silage (Kiel, 1998) into two streams, press cake (the 
solid  fibre fraction) and press juice (the liquid fraction). The press cake can be utilised 
for products such as insulation materials for building (Kromus et al., 2004). From the 
press juice proteins and amino acids can be extracted for applications such as animal 
feed or cosmetics. There is also great potential for extracting high value biochemicals 
such as lactic acid, which can be used as a building block for plastic production 
(polylactic acid (PLA)). After extracting the desired fractions from the biomass the 
residual grass/silage slurries or ‘stillage’ can then be fed into an anaerobic digester to 
produce biomethane gas, which is converted into electricity and heat (Grass, 2004). 
The technology used in a GBR depends upon several factors, including the desired end 
products, the required yield and quality, the stage of development and availability of 
the technology, the efficiency and cost of processing (Thang Vu et al., 2005). The 
technological advancements described in the literature, which have been made by the 
European countries interested in GBR has already been summarized (O' Keeffe et al., 
2009). The down-streaming (purification) technologies such as electrodialysis, 
chromatography and ultrafiltration, required to produce high-value chemicals such as 
lactic acid (LA) from the grass juice streams, are still in medium stages of 
development (Kromus et al., 2004) and yet to be scaled up to industrial level. The 
more fundamental technologies – separation into press cake (fibre) and press juice for 
protein − have been successfully demonstrated (Grass, 2004; Wiedemann, 2008).  A 
“Blueprint for an Irish GBR” has been proposed by O’Keeffe et al. (2009), based on a 
modified Swiss GBR model, producing insulation materials from the grass fibre 
fraction and from the grass juice fraction a proteinaceous product for animal feed. 
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However, this blueprint has yet to be assessed for viability.  
 
 
1.3 Focus of chapter   
 
In order to develop a blueprint for a successful Irish GBR and to assess the proposed 
blueprint a number of key factors must first be analysed. These are: feedstock systems 
which are applicable to Irish agriculture; economies of scale; process technologies and 
energy balances. 
 
 
1) Feedstock systems: O’Keeffe et al. (2009) summarised the various GBR feedstock 
models in operation in Europe, of which there are two main models: a) The Swiss 
GBR model described by Grass (2004), which was a grass/silage system, where grass 
was processed in the biorefinery for 4-5 months of the year and silage for the 
remainder of the year. The products this biorefinery produced included fibre for 
insulation material, protein feed for animals and electricity. b) The Austrian GBR, 
outlined by Kromus et al. (2004), proposed (grass) silage only as the best feedstock for 
GBR (Kromus et al., 2004; Mandel, 2003). 
 
 
2) Economies of scale: The economies of scale of a biorefinery plant – defined by the 
throughput – determines: i) the size of the catchment area, ii) the investment required, 
and iii) the profitability of the system. On consultation with experts and from the 
literature, three economies of scale were considered to be potentially applicable in 
Ireland: 1) High volume, with a throughput of 5 t DM h-1 ( J. Sanders, unpublished), 2) 
(decentralised) medium volume, with a throughput of 0.8 t D h-1 (Grass, 2004), and 3) 
pilot scale - low volume, with a throughput of 0.2 t DM h-1 (Steinmüller, 2007). 
 
 
3) Process technologies: Previous work by O’ Keeffe et al. (2009) suggests that the 
basic or cruder more established technologies, would be the most applicable to an Irish 
GBR system. The products of these GBRs include fibre for insulation material, protein 
to be used as animal feed and energy from the waste streams. Technologies for 
extracting higher value chemicals are advancing towards pilot scale levels (at time of 
writing). Therefore advanced technological extraction systems, to produce products 
such as lactic acid (LA), with down streaming technologies such as ultra filtration and 
bipolar electrodialysis (Kamm et al., 2009), should be considered as a potential future 
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scenario for an Irish GBR.  
 
 
4) Energy balance: Biorefinery operations such as fiberising the green feedstock, 
drying the fibre and protein cake have a high energy demand. The dependency of 
biorefineries on combined heat and power plants (CHP) has been noted (Kamm et al., 
2009; Popa-CTDA, 2005). In developing a blueprint for GBR the energy balance 
between supply and demand is critical in determining the economic viability of the 
system (Kamm et al., 2009). 
 
The aim of this chapter is to identify the characteristics of a first generation of GBR, 
using three, fully integrated technical and economic models, to generate nine 
scenarios, which are combinations of the key factors, Feedstock type, Economies of 
scale, Process technologies and Energy balance in order to: 
 
1) Identify the most appropriate base case scenario for an Irish biorefinery blueprint, 
and; 
 
2) Identify by means of a sensitivity analysis, factors which will be important 
determinants of the economic sustainability of this blueprint. 
 
 
 
2 Development of the base models - materials and methods 
 
The biorefinery process models, which were quantitative conservative mass and 
energy balances, were derived from the literature and consultation with various 
biorefinery experts. The models were combinations of different types of feedstocks 
and technologies and were defined as: 1) Low tech / grass and silage, 2) Low tech / 
silage, and 3) High tech / silage (also producing LA). Nine scenarios were then 
generated by altering the economies of scale (small, medium, large) for each of the 
three models. The energy balances were calculated for the biorefinery processes which 
had the greatest energy demands. For geometrical simplicity the biorefinery plant is 
assumed to be at the centre of a circle of radius x (Fig. 4.1), the size of circular 
catchment area was defined by the throughput of the biorefinery system (Overend, 
1982). 
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2.1 Feedstock variables 
 
2.1 Feedstock variables  
2.1.1 Feedstock type 
 
The duration of operation (weeks) depends on biomass availability. Biomass 
processing was assumed to run for approximately 46 weeks, 6 weeks (late 
autumn/winter) will be needed for maintenance and repair of the system and annual 
holidays ( J. Sanders, unpublished). In Ireland pasture growth begins in February or 
Fig. 4.1 Economies of scale assessed for feasibility. The biorefinery plants were 
assumed to be at the centre of a circle of radius x, the size of circular catchment area 
was defined by the throughput of the biorefinery system. Values in parenthesis refer to 
results for the silage only feedstock system. 
 
GBR scenarios 
 
57 
March depending on location and accelerates rapidly up to peak growth rates in May. 
Growth then declines gradually over the summer and autumn, sometimes with a 
second peak in August (O' Connell, 2005). The conventional harvesting practices for 
livestock systems have a two-cut silage system, the first cut at the end of the May-June 
period and the second cut at the end of the July-August period (O' Kiely et al., 2004). 
The harvesting of the green feedstock for the biorefinery scenarios follows these 
conventional trends, with approximately two thirds of the annual harvest taken in by 
the first cut and one third taken in by the second cut. The grass/silage biorefinery 
model processes fresh grass for approx. 12 weeks during the harvesting periods (Grass, 
2004) (May – September) and silage for the rest of the year. The silage only system 
uses silage for the full year of production, with all the grass harvested being ensiled 
directly after cutting. 
 
The quality (proportion of desirable fractions) of both grass and silage feed stocks will 
vary depending on a combination of many factors, including geographical location, 
botanical composition, climate, and growth stage at time of harvesting (Buxton, 1996; 
Van Soest et al., 1978). However, for the models presented here it was assumed that 
the grass feedstock came from a “typical silage” field (L. perenne dominated) under 
long term grassland, with a sward age of 7-10 years, on a loamy soil with moderate 
drainage and managed by a cutting system. The average annual grass/silage qualities 
used in the model are outlined in Table 4.1. The dry matter yields were estimated at 
10.2 t DM ha-1 a-1 using the NCYCLE Ireland model (for full description see del Prado 
et al. (2006)).  
 
 
2.1.2 Transport of harvested feedstock – catchment area calculations 
 
The amount of annual biomass required for each scale of biorefinery was calculated 
from the throughput volume. The catchment area (Fig. 4.1) for each of the 
biorefineries was calculated using equation (i) where Q (t DM a-1) is the feedstock 
quantity required for the 46 weeks of biorefinery operation. As grasslands occupy 
approx. 90% of agricultural area in Ireland an optimal availability factor, a, of 0.9 was 
assumed, for the smaller scale and medium biorefineries. However, as the larger scaled 
operations would require a substantially larger area, the probability of inclusion of 
non-grassland farm areas (i.e. arable land, forestry, peat land) and urban areas 
increases (EPA, 2008a). Therefore, grass availability was assumed to be 0.55 (as 
pasture occupies approx. 55% of Irelands’ overall land area). Y (t DM ha-1a-1) was the 
average grass yields (10.2 t DM ha-1a-1).  
Chapter 4 
 
58 
The correction factor, c, was included in both models to account for dry matter losses 
in the supply chain, from field to ensiling within GBR facility, in order to allow for 
processing to be carried out for the full year of operation (46 weeks). Areas where 
losses were accounted for included transport to the biorefinery (3%), for the 
grass/silage system potential losses were assumed to be approximately 1-2% (Pizarro 
and James, 1972), accounting for respiration losses due to potential delays in 
processing. In the silage-only system losses due to the ensiling process (10%), and 
feed out losses (7.5%) were taken into account. In the grass/silage system, c was 
determined to be 0.2. In the silage only system all the grass harvested was ensiled and 
as a result a greater correction factor was required to account for the greater losses 
(through effluent released during ensiling) (Gordon, 1967; Holmes and Muck, 2000) in 
comparison to the grass (Fig.4.1), so the c value was set to 0.25  
 
 
      Eqn 1 
 
 
The radius, x, was determined using the area, A, calculated from Eqn 1. . The 
average haul distance (
___
X) between the biorefinery plant at the centre of a circle radius 
of silage fields was calculated using the formula outlined by (Overend, 1982) (Eqn 2). 
The tortuosity factor (τ) was taken into account; defined as the ratio of actual distance 
travelled to line of sight distance = r (assuming a 'pie slice') this factor is a function of 
the terrain. It can range from 1.27 for a rectangular road grid superimposed over a flat 
terrain or to in excess of 3 for a complex or hilly terrain constrained geographically. 
The tortuosity value taken here (τ = 1.33) was assumed to be similar to that taken by 
Walla and Schneeberger (2005).  
 
 
      Eqn 2 
 
 
2.1.3 Grass feedstock storage - Ensiling process 
 
In the grass/silage system it was assumed that the fresh grass will be processed within 
1-3 days of harvesting, it was also assumed to be preserved in a series of pre-washing 
troughs, containing a weak acid solution (mostly water) until processing (Ketelaars 
and Rutgers, 2002). There is a great diversity in how silage is made and stored in 
Ireland, given the wide variation in conditions on farms (e.g., soil, geographic location, 
τxX
3
2__
=
aY
QQcA +=
pi
A
x=
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management). The same scale of diversity is also seen in the chemical compositions of 
silages (O' Kiely et al., 1993).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.1. Feedstock parameters modelled in Green Biorefinery Scenarios   
 
 
Fraction  
 
Range 
(g kg-1 DM) 
 
Value taken  
(g kg-1 DM) 
 
 
Source  
 
Grass  
   
DM1 160-200 200 (Haigh, 1998; Holliday et al., 
2005; Hopkins, 2000; Mc Eniry et 
al., 2007; Smyth et al., 2009) 
Fibre2 500-600 550 (Haigh, 1998; Hopkins, 2000; Mc 
Eniry et al., 2007; Neureiter et al., 
2004) 
Ash 80-120 100 (Hopkins, 2000; Sanders, 2005) 
CP3 150-20 1683 (Haigh, 1998; Hopkins, 2000; 
Keady and O'Kiely, 1996; 
Ketelaars and Rutgers, 2002; 
Patterson and Walker, 1979) 
 
ODM4 80-270 182 (Halasz et al., 2005; Ketelaars and 
Rutgers, 2002) 
 
 
Silage  
   
DM1 16-30 220 (Haigh, 1998; Keady and O'Kiely, 
1996; O' Kiely et al., 1993) 
 
Fibre2 50-60 500 (Haigh, 1999; Nizami et al., 2009) 
Ash 70-120 100 (Keady and O'Kiely, 1996; Haigh, 
1998, 1999) 
CP3  120-150 150 (Haigh, 1998, 1999; Nizami et al., 
2009) 
LA  70-110 70 (Haigh, 1998, 1999; Nizami et al., 
2009) 
ODM4 20-240 120 (Keady and O'Kiely, 1996; Haigh, 
1998; Nizami et al., 2009) 
1. DM units are g kg-1 Fresh Matter  
2. Fibre = NDF (Neutral Detergent Fibre) fraction. 
3. CP (Crude protein) = Nitrogen value taken from NCYCLE Ireland (CP= N × 6.25) (del Prado et al., 
2006). 
4. ODM (Organic Dry Mater) = a term to group compounds such as water soluble components e.g. 
sugars, VFA (butyric acid, acetic acid, propionic acid), as well as insoluble components fats, oils 
and smaller fibre fractions. 
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Therefore to minimise variability in the composition of the feedstock, the grass was 
assumed to be stored on the biorefinery site. This is also in keeping with the green 
biorefinery scenario proposed by (Kromus, 2002) as the silage effluent has the 
potential to be used for biogas (Barry and Colleran, 1982) or as animal feed (Patterson 
and Walker, 1979; Steen, 1986). The DM recovery of the silage, assuming good 
management practices was estimated to be c. 80%.  
Losses of volatiles during the feed-out stage (silo opening) were also taken into 
account and were assumed to be 3%. The effluent was used in this study as a fertiliser, 
which was returned to the fields harvested for the biorefinery (Mulqueen et al., 1999).   
 
 
 
 
 
 
 
 
 
 
 
 
2 Biorefinery processes - Fractionation of the feedstock  
2.2.1 Factory operations  
 
All operations were assumed to run for approximately 46 weeks (J. Sanders, 
unpublished). The systems were modelled to be predominantly self-automated with 
approx. 4-8 people, dependent on biorefinery size, being directly employed for the 
day-to-day operations of the plant. An anaerobic digester and combined heat and 
power plant (CHP) on site was used to process the stillage to generate most of the heat 
and electrical energy required to process the grass/silage feedstock. It was assumed 
that the digestate was returned to the farmer’s fields which supplied the biorefinery. 
 
 
2.2.2 Material flow mass balance assumptions  
 
Idealised material flows were modelled and (Tables 4.2 - 4.5) and steady state was 
assumed with no transformations of the plant components within the different fractions 
(e.g. hydrolysis of proteins to amino acids). The raw feedstock had a water content of 
 
Table 4.2. Range of Biorefinery Throughput (t DM processed /h) and the fractionation ratios of press cake 
to press juice, or solid fraction to liquid fraction, found in the literature and values used in the base models. 
 Literature values References Values used 
Throughput  0.188-5 t DM h-1  0.2, 0.8, 5  (Grass, 2004; Halasz et al., 2005; 
Smyth, 2007; J. Sanders, 
unpublished) 
Press juice fraction of FM1 
Press cake fraction of FM1 
0.5-0.7 
0.3-0.5  
0.7 
0.3 
(Halasz et al., 2005; Mandl et al., 
2006; Kamm et al., 2009) 
1. FM- The fresh biomass processed refers to the fraction of the raw material ending up in the two processing 
streams. On a dry weight basis presscake = 0.6-0.7 pressjuice = 0.4-0.3. 
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approx. 80%. In order to reduce overheating of the fiberising plates additional water 
was added to the system (Hansen and Grass, 1999) in the ratio 0.55:1 (grass: water) 
(Keijsers, 2003).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 4.2 Mass and energy flow diagram of the green biorefinery model 
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Table 4.3. Material flows – mass balance of the biorefinery fractionation process. The chemical constituents 
of the various fractionation steps are presented as the % DM of the associated fraction, i.e. press cake or 
press juice, unless otherwise stated. 
 
 
 
Process step 
 
 
Fraction  
constituents 
 
 
Ranges 
(% DM) 
 
 
 
References  
 
Values 
taken  
(% DM) 
 
Press cake composition  
(after 2nd pressing 
-before drying)  
    
 DM  28-48  (Favati et al., 1989; Hansen and 
Grass, 1999; Ketelaars and Rutgers, 
2002; Keijsers, 2003; Hulst et al., 
2004; Halasz et al., 2005) 
42 
 Fibre 
  
42-90 
(70-99)1  
(Favati et al., 1989; Hansen and 
Grass, 1999; Ketelaars and Rutgers, 
2002; Keijsers, 2003; Watcher et 
al., 2003; Hulst et al., 2004; Halasz 
et al., 2005) 
80 
  
Protein 
content  
 
5-29 
(Ricci et al., 1989b; Hansen and 
Grass, 1999; Ketelaars and Rutgers, 
2002; Keijsers, 2003) 
 
11 
 Ash in press 
cake  
2.5-6  (Favati . et al., 1989; Hansen and 
Grass, 1999; Keijsers, 2003) 
6 
 Lactic acid 3 2-3  (Halasz et al., 2005) 2 
 
Press juice composition 
(before washing) 
    
 DM  3.6-32 (Favati et al., 1989; Hansen and 
Grass, 1999; Ketelaars and Rutgers, 
2002; Keijsers, 2003; Hulst et al., 
2004; Halasz et al., 2005) 
6 
 Fibre 
content  
1-12  (Favati . et al., 1989; Hansen and 
Grass, 1999; Keijsers, 2003) 
10 
 Protein   19.4-
38.3 
(Favati et al., 1989; Hansen and 
Grass, 1999; Ketelaars and Rutgers, 
2002; Keijsers, 2003; Hulst et al., 
2004; Halasz et al., 2005) 
 
31 
 Ash content 
on a DM 
basis 
  
14-20 (Favati et al., 1989; Hansen and 
Grass, 1999; Keijsers, 2003) 
19 
 Rest fraction 
in juice 4 
7.36-78 (Hansen and Grass, 1999; Keijsers, 
2003; Halasz  et al., 2005) 
25 
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The composition of the material being fiberised consisted of approximately 14% DM 
and 86% water. Water was circulated within the various processes in order to meet the 
plant’s water demands and optimise the system’s mass balance (Fig. 4.2). After a 
double pressing and washing the press cake was assumed to have a dry matter content 
of 42% (Table 4.3), before drying and processing into technical fibres for insulation 
material. After a double pressing and washing the press cake was assumed to have a 
dry matter content of 42% (Table 4.3), before drying and processing into technical 
fibres for insulation material.  
 
Table 4.3. (Continued) Material flows – mass balance of the biorefinery fractionation process. The 
chemical constituents of the various fractionation steps are presented as the % DM of the associated 
fraction, i.e. press cake or press juice, unless otherwise stated 
 
 
Process step 
 
Fraction  
constituents 
 
Ranges 
(% DM) 
 
 
References  
 
Values taken  
(% DM) 
 
Press juice silage 
    
 LA 2 
extraction  
 
2.53-24  
 (45-90)1 
(Danner et al., 2000; Halasz et 
al., 2005; Thang Vu Hong et 
al., 2005; Steinmüller, 2007) 
16 
(70)1 
     
 
Products 
    
Protein cake (pre drying)      
 DM  23-29 (Ketelaars and Rutgers, 2002) 27 
 CP 18-80 
(28-96)1 
(Hulst et al., 2004; Kamm et 
al., 2009) 
66-67 
(28-32)1 
 Fibre  7-13 (Ketelaars and Rutgers, 2002) 12 
 Ash 7-17 (Ketelaars and Rutgers, 2002) 12 
 ODM3 2-10 (Ketelaars and Rutgers, 2002; 
Grass, 2004) 
9 
     
 LA (in 
silage) 
0.0045 (Halasz et al., 2005) 0.004 
     
 
1. Extraction efficiencies are in parenthesis. 
2. Lactic acid refers to the composition of the presscake from the silage feedstock system 
3. Rest fraction and ODM (organic dry matter) is a term to group compounds such as water soluble 
components e.g. sugars, VFA (butyric acid, acetic acid, propionic acid), as well as insoluble components 
fats, oils and smaller fibber fractions, the additional mass fractions which are modelled as sum 
components. 
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It was estimated that approximately 8-10% of the fibrous material (finer fibres) was 
assumed to be lost to the juice stream during the washing step (Table 4.3). The press 
juice was assumed to have a dry matter content of 7%, with approximately 35% of the 
original biomass dry matter ending up in the final press juice (contains press cake 
washings) (Table 4.3). The protein content was estimated to be c 31% of the juice dry 
matter.  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.4.  Parameters assumed for anaerobic digester and CHP (combined heat and power plant) 
and on site energy generation derived from the literature and consultation with bioenergy experts 
 
Decanted juice  
– biogas feedstock  
  
 
Range 
 
 
Source 
 
 
Value taken 
 Fraction of original 
DM  
12.5-44  (Favati et al., 1989; 
Hansen and Grass., 
1999; Kamm et al., 
2009) 
26% 
 DM  2-22.8 (Favati et al., 1989; 
Hansen and Grass, 
1999; Ketelaars and 
Rutgers, 2002; 
Keijsers, 2003; Baier 
and Delavy, 2005) 
6% 
 VS1 72-89  (Baier and Delavy, 
2005) 
79-81% 
(grass/silage- 
silage) 
 
Biogas 
    
 VS Rate of 
destruction  
60%  (Nizami et al., 2009; 
Smyth et al., 2009) 
60% 
 Biogas (m3)/VS  0.89 m3/kg 
VS 
(Nizami et al., 2009; 
Smyth et al., 2009) 
0.89 m3/kg VS 
 CHP efficiencies  >90 %  (Al Seadi et al., 
2008) 
85%  
 Boiler efficiency  85%  (Smyth et al., 2009) 85% 
 Heat loss of 
digester  
15% (Smyth et al., 2009) 15% 
 Electrical 
efficiencies  
30-43% (Braun, 2007; 
Knitter, 2009) 
40% 
 Thermal 
efficiencies  
25-50% (Knitter, 2009) 45% 
1. VS = represents the organic matter in the sample (minus ash), that is readily used during anaerobic 
digestion 
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The “ODM fraction” (remaining smaller plant fractions) is made up predominantly of 
soluble sugars and lipids in the grass feedstock (Ketelaars and Rutgers, 2002); the 
silage feedstock also includes volatile fatty acids (lactic, acetic, butyric, propionic) 
(Table 4.3). For the high tech scenarios the lactic acid produced was assumed to have a 
purity of 90% .After the fractions have been extracted from the press juice, by means 
of heat coagulation and centrifuging, the decanted juice fraction was sent to the 
anaerobic digester to produce biogas, which was converted into electricity and heat 
(by-product). The mass balance in these models estimated approximately 26-33% of 
the original dry matter ending up in the digester flow (Table 4.4). Decanted press juice 
or stillage is a  
heterogeneous solution of dissolved organic substances, sugars, organic acids, amino 
acids, small fibres, lipids and oils (Table 4.4). It was assumed to have a low total solid 
(TS) content of 6% (Table 4.4). 
 
The data available on the nutrient content of digestate for GBR systems is very 
limited. The ryegrass digestion study by Holliday et al. (2005) describes the nutrient 
content of the aqueous digestate fraction (liquor only), the solid digestate contains the 
fibre fractions, which in the GBR system have been extracted. Smyth et al. (2009) and 
Baier et al. (2005) describe the nutrient content of digestate from the biorefinery 
stillages digested using a UASB (upwards flow anaerobic sludge bed) reactor. 
Therefore, for this model the nutrient content was determined using a nitrogen mass 
balance sub model as a guiding mechanism to model the potential nutrient content 
available in the biorefinery digestate. The values calculated in the digestate were for 
the available N, which was found on average from both studies to be ca. 72.5% of the 
total N, therefore the N content calculated for the digestate was divided by 0.725 in 
order to determine the total N (100%) in the digestate. It was the total N which was the 
indicator value to maintain the nitrogen mass balance in the sub model balanced. The 
values observed in the model were always within the ranges outlined in Table 4.5.  
 
 
2.3 Energy balance – consumption and generation 
 
2.3.1 Energy consumption  
 
The energy assumptions have been made based on data taken from the literature and 
consultation with biorefinery and process engineering experts, values (MJ t-1 DM) are 
 outlined in Table 4.6. It is a partial energy balance, taking into account the biorefinery  
and CHP processes which were required for the economic considerations of the 
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Table 4.5. Potential fertiliser composition of digestate and silage effluent  and fertiliser quality 
of combined waste streams 
 
 
 
Range 
 
Source 
Value 
taken 
Digestate    
DM  2.5-6%  (Holliday et al., 2005; Smyth et 
al., 2009) 
3 
 N (kgm-3)1 0.76-2.63 (Baier and Delavy, 2005; 
Holliday et al., 2005)2 
0.9 -1.652 
P (kgm-3) 0.19 (Baier and Delavy, 2005; 
Holliday et al., 2005) 2 
0.19 
K (kgm-3) 3.08 (Baier and Delavy, 2005; 
Holliday et al., 2005) 2 
3.08 
 
Silage effluent  
   
DM losses of original 
material 
2-14 %  (Gordon, 1967; Steen, 1986 ; 
Haigh, 1999) 
10% 
Effluent produced in L per 
t ensiled  
80–290 L t-1 
ensiled  
(Jones and Jones, 1995) 182 L 
DM content in effluent  5-20% (Deans and 
Svoboda1992 )(Patterson and 
Walker, 1979; Galanos et al., 
1995) (Barry and Colleran, 
1982) (Haigh, 1998) 
11% 
pH  4.1-4.5 (Deans and. Svoboda 1992 ) 
(Galanos et al., 1995) (Barry 
and Colleran, 1982) 
 
N N total 2-3gL-1of 
effluent 
(ammonia-4% of total N) 
(Deans and. Svoboda, 1992 )  
(Galanos E. et al., 1995) 
(Haigh, 1998) (Steen, 1986 ) 
(Binne and Frost 1995) 
2.6 gL-1  
 
P  
 
0.5-0.6  gL-1 
(Mulqueen et al., 1999) (Binne 
and Frost 1995) 
0.55 gL-1 
 
K 
 
3-6 gL-1 
(Mulqueen  et al., 1999) (Binne 
and Frost 1995) 
5.0 gL-1 
 
Assumed composition of 
combined slurries  
   
DM 4-5%  From models  
N 0.77-0.88  gL-1 
(1.38-1.6  gL-1)3 
From models  
P 0.24-0.28 gL-1 
(0.24-0.26  gL-1)3 
From models  
K 3.38-3.55  gL-1 
(3.33-3.46 gL-1)3 
From models  
1. Plant available N  
2. Range of N values produced by the models, to maintain the nitrogen mass balance in the sub model 
balanced for the different scenarios modelled 
3. Values in parenthesis refer to the scenarios without protein extraction; the variation in values is due 
to the varying volumes of digestate being produced in each scenario. 
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biorefinery scenarios. Minor operational energies, such as computers, lights, etc. have 
not been taken into account. It is a partial energy balance, taking into account the 
biorefinery and CHP processes which were required for the economic considerations 
of the biorefinery scenarios.  
 
 
2.3.2 Energy generation  
 
It was assumed that the decanted juice (stillage) remaining from the biorefinery system 
was sent to the CHP to produce biogas. The dry matter content of the stillage has been 
reported to range from 12.5% of the original DM content (Favati et al., 1989) to 
approximately 44% of the original material (Hansen and Grass, 1999; Kamm et al., 
2009). The mass balances of the GBR models were as follows: 22% (high tech) - 27 % 
(grass/silage and silage only) of the original material ending up in the digester flow 
(Table 4.4), depending on the system modelled. Readily available data on biogas 
production and energy balances from biorefinery wastes or stillages is also limited, 
therefore the assumptions for the CHP plant processing the biorefinery wastes or 
stillages were taken from the model outlined by Smyth et al. (2009), with some 
modifications. Biogas was produced using a continuous stirred tank reactor (CSTR) 
system, operating at a DS (dry solid) content <10%. 
 
There were two digestion stages in the process, with two tanks working in series. The 
total retention time for the digester was assumed to be between 70 and 80 days, with 
an operating temperature of 38 °C (mesophilic), with the substrate (stillage) spending 
approximately half of the time in each tank. The stillage streams remaining from the 
biorefinery processes were fed into the first tank everyday, e.g., for the medium scale 
model, 3.93- 4.41 t VDS day-1, silage only and grass/silage respectively, was supplied 
to the digester at a loading rate of 1.44 kg VDS (m3 day-1). For a full description of the 
reactor set up we refer to Smyth et al. (2009) and Nizami et al. (2009). 
 
Modifications were made in relation to the volatile solid content of the feedstock. 
Smyth et al. (2009) determined that the grass silage feedstock had a VDS content of 
approx. 90%, however the stillage coming from a biorefinery will not have the fibrous 
fraction and only some of the crude protein remaining and therefore the quantity of 
VDS in the biorefinery stillage will be relatively lower. There was very little data on 
the differences between the two feedstocks or the effects these changes in substrate 
composition would have on biogas production from a CSTR. For this model the mass  
 
Chapter 4 
 
68 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.6. Process energy for the biorefinery plant 
 
Process  
 
Source  
 
Energy MJt-1 DM  
   
Pre-treatment and pressing   
Receiving and feeding  (Ricci  et al., 1989a)  2.16  
Feeding of grass from bunkers  (Smyth et al., 2009) 2.51 
Water addition for cleaning (pumping)  (Smyth et al., 2009) 2.51 
Pressing and chopping (Keijsers, 2003;  
J. Sanders, unpublished) 
540  
 
Drying  
 
(Hansen and Grass, 1999; 
Keijsers, 2003;  
J. Sanders, unpublished) 
 
23002 
(2300-2382)  
 
Protein extraction  
  
Steam coagulation  (Keijsers, 2003; Kamm et 
al., 2009) 
270 
(126-270)3 
Skimming  (Kamm et al., 2009) 4.73 
Centrifuging  (Kamm et al., 2009) 12.28 
Decanting  (J. Sanders, unpublished) 3.70 
   
Downstream technologies    
Ultrafiltration (Kamm et al., 2009) 17.464 
Bipolar electrodialysis (Kamm et al., 2009) 118.84 
Distillation (Kamm et al., 2009) 4.754 
   
Biogas energy    
Feeding of stillage to digesters (Ricci et al., 1989a) 2.51 
Specific heat capacity of water  (Smyth et al., 2009) 4.185 
Scrubbing of biomethane  (Smyth et al., 2009) 1.26  
1. Tonne of fresh weight 
2. Per tonne of H2O evaporated – (MJ t-1 H2O removed) latent heat of  water, range of values   
in parenthesis   
3. Ranges from the literature in parenthesis 
4. The values here refer to a liquid feed going through the ultra filtration unit(s) (DM = 1%)  
5. The specific heat capacity of water (MJt-1 °C) – in this case a 28°C rise in temperature was  
required for the digester contents (stillage wastes from GBR facility) 
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balance resulted in the stillage streams having volatile solid contents of 79-81%, which 
was within the range outlined by Baier and Delavy (2005) for grass and silage stillages 
from a GBR process (Table 4.4). They used a UASB (upwards flow anaerobic sludge 
bed) reactor set up, for digestion of biorefinery stillages, however despite the removal 
of the fibres, the biogas yields outlined in Nizami et al. (2009) and Smyth et al. (2009) 
were similar to the ranges found by Baier and Delavy (2003). Therefore the following 
assumptions of Nazami et al. (2009) and Smyth et al. (2009) were maintained for the 
CHP model component: destruction of VS at 60%, the destruction of 1 kg VS 
producing approximately 0.89 m3 biogas, at 55% CH4 content. The remaining 
digestate consisted of 12-15% of the original VS (fertiliser component). It had a DM 
content of approx. 3% DM (Table 4.5). The CHP plant was assumed to have an 
electrical efficiency of ŋ= 40% and thermal efficiency of ŋ= 45% (Table 4.4).  
 
For the various green biorefinery processes different kinds of energies (heat and 
electricity) were used, e.g. electrical energy was used for the mechanical fractionation 
(pressing and chopping) into press cake and press juice, heat (by product from the 
CHP plant) was assumed to be used in the drying of the fibre products (Kamm et al., 
2009). For this paper we have kept the energies in the one unit of MJ and the 
conversion rate to kWh was taken to be 3.6 MJ = 1 kWh, enabling the economical 
aspects of the energy balance to be considered.  
 
 
2.4 Economies of scale  
 
2.4.1 Raw material  
 
In these scenarios it was assumed that the grass feedstock was supplied by agricultural 
contractors hired by the farmers of the biorefinery catchment area (Fig. 4.1). In 
Ireland, approximately 86% of all grass silage is harvested by contractors (O' Kiely et 
al., 2004); this cost will be included in the feedstock price. The cost of raw material 
(grass/silage feedstock) was calculated using modified data from the Teagasc (Irish 
agricultural and food development authority) farm management data handbook 2008 
(Table 4.7). The original price for the feedstock included the cost of the field 
maintenance (fertiliser, lime) and harvesting (contractor and plastic for ensiling). The 
fertiliser costs were modified to account for the fertiliser rates recommended by 
Teagasc for grassland with a two cut silage management (225 kg nitrogen ha-1 a-1, 30 
kg phosphorus (P) ha-1 a-1, 145 kg potassium (K) ha-1 a-1). The fertiliser costs were (at 
time of writing) determined to be €0.83, €1.56, €1.21 per kg, respectively (S. Lalor, 
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pers. comm.). The price for the harvested biomass was modified further to account for 
the nutrient replacement value of the returned slurry comprising of the biorefinery 
digestate and silage effluent (Table 4.5). The cost of the green biomass was then 
calculated using only the cost of the fertiliser deficit, which was required to meet the 
recommended fertilisation rates outlined by Teagasc. The savings arising from the 
recycling of the digestate and subsequent reduction in chemical fertilisers were 
assumed to be transferred onto the biorefinery through reduced feedstock prices (Table 
4.7). There was also an additional operation cost for additives to preserve fresh grass 
for 1-3 days storage prior to processing in the grass/silage models. 
 
 
2.4.2 Transport costs  
 
Transport costs were calculated for both the transport of grass and slurry returned. 
Transport costs were estimated per tonne of grass harvested following consultation 
with silage experts and contractors. Transport costs were assumed to be included in the 
contractor price outlined in Table 4.7, provided the average haul distance travelled to 
the silos remained under 2 km; for each additional km outside this zone a transport 
cost was applied. It was assumed that when the average distance ( ___X  ) to the 
biorefinery exceeded 2 km, the additional transport costs were calculated according to 
Eqn 3 outlined in Walla and Schneeberger (2005).  
 
The analysis assumed two tractor trailers for the small /medium scale and four for the 
large scale (S. Lalor, pers comm.). Total transport costs for herbage (T) comprised of 
unloading (L) costs €1.07 (€2.14 for large scale) t-1 DM silage, distance dependent 
costs (d) per tonne of dry matter (double the average field distance, given travelled to 
and from the plant), €2.13 t-1, multiplied by the quantity of forage required by each 
economy of scale (t DM a-1): 
 
 
T = Q (L+2( ___X -2) d)    Eqn 3 
 
The transport costs for the slurry of digestate and effluent were assumed to be paid for 
by the biorefinery, as part of a “waste management strategy”. The mixture of silage 
effluent and digestate was assumed to have similar spreading requirements to that of 
slurry (Table 4.5) and costings were estimated on this basis (S. Lalor, pers. comm.). 
Transport costs for the slurry did not take the 2 km “free” zone into consideration and  
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Table 4.7. Estimated costs of raw material - grass/silage production from Teagasc (Irish 
Agricultural and Food Development Authority) 2008 modified costs generated from the 
medium model output. 
 
1st cut silage  
€ ha-1 
2nd cut silage  
€ ha-1 
 
Prices quoted by Teagasc   
Roads and fencing  43 34 
Reseeding  20 16 
Fertiliser 1 280.1 141 
Lime 20 16 
Plastic 
15 
(0)3 
12 
(0)3 
Contractor € ha-1 247 227 
€ ha-1 (Teagasc estimate)2 
625 
(610)3 
446 
(434)3 
 
Modified prices used in model   
 
Cost of fertiliser deficits  after digestate application 
  
Fertiliser costs after returned slurry4 (grass/silage) – 
Fresh grass 
133 
(92)5 
89 
(68)5 
Fertiliser costs after returned slurry4 (silage/low-tech) 
128 
(94) 
86 
(69) 
Fertiliser costs after returned slurry4 (silage/high-tech) 
149 
(110) 
 94 
(74) 
 
6Total costs used for estimating biomass price    
Total cost of biomass€ha-1 (grass/silage) – grass 
processed fresh 
464 
(422) 
382 
(361) 
Total cost of biomass € ha-1 (grass/silage) – grass ensiled7 
478 
(437) 
394 
(373) 
Total cost of biomass  € ha-1(silage/low tech) 
473 
(439) 
391 
(374) 
Total cost of biomass € ha-1 (silage/high tech) 
494 
(455) 
399 
(379) 
Yields used in model7 tonnes/DM ha 
(NCYCLE Annual yields = 10.2 t DM) 6.7 3.5 
 1. These values based on the recommended fertiliser rates for a two cut grass/silage system 
(225 kg N ha-1 a-1, 30 P kg ha-1 a-1 145 K kg ha-1 a-1). Fertiliser costs were at time of writing determined to be 
€0.83, €1.56, €1.21 (Lalor, 2010). 
 2. The values are modified due to the change of fertiliser costs described in foot note 1. 
 3. It was assumed that the only difference between the grass harvested and the grass ensiled was the cost of the 
plastic. Values in parenthesis refer to the costs for the grass processed fresh. 
 4. Slurry refers to the combined slurry of the digestate and silage effluent which is returned back to the farmer. 
 5. Values in parenthesis for modified prices in model, refer to the estimated prices for the non protein 
scenarios. 
6. Total costs = Σ (Roads & Fencing + Reseeding + Fertiliser costs after returned slurry + Lime + contractor + 
Plastic for the silage system, it was assumed the contractor would also ensile on site ), calculated per ha.  
 7. Yields predicted from NCYCLE model, the annual yields were estimated to be proportioned into 2/3 for 1st 
cut and 1/3 for 2nd cut. 
 
*No land charge has been included.  
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were calculated using Eqn 4, and included both loading and spreading costs (L), 
calculated for the medium scaled, grass/silage (4.3% DM), silage only (4.7% DM), 
high tech (5.0% DM) were as follows: €18.43, €16.92, €15.69 t -1DM fertiliser loaded 
and unloaded. Distance dependent costs (d) were €0.46 t-1 DM slurry transported. 
 
             T = Q (L + 2( ___X ) d)                                               Eqn 4 
 
2.4.3 Estimated capital investment  
 
2.4.3.1 Biorefinery plant  
 
The capital cost for the low tech biorefinery scenarios were estimated using data from 
the Dutch “Prograss consortium project” (J. Sanders, unpublished). Economies of 
scale for the differing scenarios were calculated using the “point–six rule” method 
(Cameron, 1974); Fig. 4.3 shows the relationship between capital investment and 
throughput. Huang et al. (2007) noted that there was a lack of information on 
processing cost and it was difficult to assess for biorefinery applications. Therefore for 
the high tech scenarios outlined in this paper the assumption was that an extra 0.5 Mio, 
1 Mio and 1.5 Mio € estimates were added to the different scales in order to try and 
account for the additional costs of UF (Ultra filtration) and Bi-Polar electrodialysis 
units.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.3 Tendency line for capital cost of Low Tech Green Biorefinery and capital cost 
equation.  
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2.4.3.2 The capital cost of a CHP plant  
 
It was assumed that specifications of an anaerobic digester and CHP plant  designed 
for a slurry feedstock would be comparable (to an extent) with the requirements for 
digesting stillages from a biorefinery, as both influent streams had a DM content less 
than 10%. Therefore the capital cost for CHP plants designed for a slurry feedstock 
were calculated using the capital cost equation (y = 6.6892x0.5863) outlined by 
Poliafiaco and Murphy (2007). This equation was derived from various Danish CHP 
plants. Capital cost (y) was estimated as a function of (x) annual biomass digested in 
cubic meters (m3 a-1) in the CHP plants. 
 
The total capital costs for the biorefinery scenarios included the capital investments for 
the Green biorefinery plant, plus the additional costs of the CHP plants. The loan 
repayment for the total capital investment was assumed to be 7%, to be paid over 10 
years; depreciation was calculated using the straight line method over the same period. 
Indirect capital costs (approx. 10% of capital investment) are also included in the 
model and refer to the expense of research, engineering and developmental costs. 
 
 
2.4.4 Operating costs  
 
Operational costs for the CHP were assumed to be 10% of the capital investment made 
(Keijsers, 2009; J. Sanders, unpublished; Smyth, 2007). Operational costs for the 
biorefinery were estimated at 3% of the initial investment capital. The cost for utilities 
includes the electricity deficit bought in and the water required for the processing of 
the grass. The cost of water supply in Ireland is dependent on the location of the plant 
and what local government jurisdiction it falls under. For this analysis, the water costs 
from several local authorities were averaged and used to estimated water supply to the 
plant at 1.40 € m-3 (Department for the Environment Heritage and Local Government, 
2009). Storage costs were also included and were estimated to be approx. € 10 t-1 DM 
month-1 for the protein product and € 2.77 t-1 DM month-1 for the shed storage of the 
fibre products (Styles et al., 2008). 
 
Cost of purchasing electricity is dependent on annual usage. Electrical prices were 
determined by the industrial end user estimations reported in “Understanding Electricity 
& Gas Prices in Ireland” (SEI, 2008). The larger and medium biorefinery scenarios were 
in the category band with a cost of 0.11 € kWh-1 purchased and the smaller biorefinery 
scenarios with a lower energy demand were within the category of 0.12 € kWh-1 
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purchased. The assumption was made that the CHP plant covered its own energy costs 
(i.e. heating of digester and circulation of substrate) and contributed significantly to 
cover the costs associated with the high energy demands of refining the grass/silage 
feedstocks. 
 
It was assumed that, as the water and material flows were being re-circulated, no waste 
streams were produced, other than the digestate from the biogas plant and the silage 
effluent, which were land spread as a fertiliser as outlined above. Sales costs were also 
calculated at 3% of the initial investment capital (Ketelaars and Rutgers, 2002). 
Labour costs were calculated (min. industrial wage €575/week) (Central  statistic 
office, 2009) for each economy of scale. In the large, medium and small scale, it was 
assumed that approximately 8, 6, 4 people were estimated to be directly employed 
respectively, with a minimum of 2-3 people assumed per 12 hour shift. 
 
2.4.5 Revenue assumptions  
The fibre insulation material was assumed to be of the same specifications as outlined 
by Grass (2004), with approx. 60 kg m-3 density and a heat conductivity of 0.04 W m-1 
K-1 (Watts per meter Kelvin) comparable to the average mineral wool insulation on the 
market. The revenue generated from the fibre insulation material was estimated based 
on the literature and from consultation with members of the insulation industry. The 
selling prices ex factory were estimated between 0.80 - 1.20 € kg-1 (Grass, 2004). The 
cost of the protein as an additive for animal feed products was obtained from the CSO 
(Central  statistic office et al., 2008) data relating to the amount of comparable protein 
feed additives (alfalfa pellets, soya derivatives) purchased in Ireland between 2004 and 
2008. It was calculated to be € 271.95 t-1 of protein additive. For the high tech 
production as assumed in the literature, the purity of the lactic acid product was at 90% 
- with a higher energy demand (Kamm et al., 2009). The price for the Lactic acid 
product was estimated to be valued at € 300 t-1, after consultation with the biorefinery 
experts (Food Navigator, 2005). 
 
2.4.6 The profitability indicators  
 
Net present value (NPV) Eqn 5, was used as a measurement of cash flow (CF) in the 
GBR system and as a financial indicator of viability. NPV was calculated using Eqn 4, 
with the Net Cash Flow (CF) calculated as profit after tax + depreciation. The time 
period of investment was estimated to be 10 years with time zero equal the first year of 
start up, with time 10 corresponding to the final year in the 10-year period. For the 
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GBR model, the (NPV) was calculated over a 10-year period. The discount rates for 
biomass to bioenergy systems range in the literature from 4-20%. Studies in Ireland 
have used ir values of 5% for Miscanthus bioenergy systems (Clancy et al., 2008; 
Styles et al., 2008) and 8% for anaerobic digestion of slurries (Poliafiaco and Murphy, 
2007). However in a previous study for GBR feasibility, an ir value of 12% was 
estimated (consultation with industry experts), as GBR is relatively more advanced 
biomass system then bioenergy or anaerobic digestion, a higher risk factor for the 
invested capital was decided upon, but still within the literature ranges. Therefore, a 
discount rate (risk factor) (ir) of 10% (Gebrezgabhera et al., 2010). A positive NPV 
indicates a potentially positive cash flow (profit) for the period in question and would 
suggest that the project has economic potential. A negative NPV indicates the project 
to be unviable and needs to be modified in order to have potential. The Internal Rate of 
Return (IRR) is the ir interest rate which results in an NPV of zero, indicating that the 
present value of the projects’ cash flow is equal to the initial investment. For the model 
scenarios in this study, the ir was fixed at the same rate as the hurdle rate. This was 
done in order to determine the minimum subsidy required which would allow the 
biorefinery system to financially break even, i.e. what was invested would be equal to 
what was returned. The reason for taking this approach, as opposed to using the NPV 
and IRR as the main financial indicators, is because the establishment of such 
technology applications will need governmental support (Popa-CTDA, 2005), 
particularly in relation to subsidies towards the capital investment. The minimum 
subsidies for each scenario were determined using the Microsoft Excel 2003 solver 
function (Microsoft Corp., Seattle, WA) to return an NPV value of zero, or the 
financial break even point of the GBR scenario. Below this minimum level of subsidy 
the biorefinery systems have a negative NPV, indicating lack of profitability 
 
 
         
 
 
 
where:  
 
 
 
 
 
CF = net cash flow at time t (€/a) 
T = period of operation (a) 
t = year of operation (a) 
ir = interest (discount) rate for the cost of buying the capital (%) 
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3 Scenario results 
 
3.1 Feedstock systems  
 
Of the two feedstock systems analysed, the silage only system appeared to be 
marginally better, with the lowest level of subsidy required, indicating that it had 
greater financial return (higher NPV). In general there was relatively little difference 
between both systems with regards financial feasibility. However, due to the smaller 
catchment area of the grass/silage system, gross profit per ha supplied to the GBR 
facility were marginally bigger than (Table 4.9) the silage system. Differences in 
transport costs were negligible as both catchments were with the 2 km zone.  
When modelling both feedstock systems the aim was to account for realistic system 
losses, the data available on potential losses in the silage system was more readily 
available than those for the grass/silage system. Therefore, the losses modelled for the 
grass/silage system are a more conservative estimation of the true losses. The 
grass/silage GBR model has been shown to work successfully under Swiss conditions, 
however, the issue with storage and spoilage of grass quality due to time delays in 
processing was an issue for the Austrian GBR model. The Austrian model solved the 
issue with grass storage, by ensiling the grass and used silage as the starting raw 
material thus avoiding the loss of quality associated with processing grass feedstock 
(Kromus et al., 2004; Mandel et al., 2006; Steinmüller, 2007). Ensiling the grass also 
had many operational advantages: 1) it ensured year round availability of the raw 
material, allowing the factory and downstream processes to operate continuously; 2) 
ensiling the grass also provided the opportunities to improve the feedstock quality 
through the manipulation of the fermentation process occurring while it was ensiled 
(Danner et al., 2000); 3) during ensiling the grass also allowed for the conversion of 
carbohydrates in the green biomass to lactic acid (Halasz et al., 2005) removing the 
need for energy intensive fermentation processes required for its production (Danner et 
al., 2000). The future scenarios modelled in this study also focused on the production 
of lactic acid, produced as a result of  ensiling the grass (Halasz et al., 2005; Kromus et 
al., 2004), and showed the silage system to have potential for future biorefinery 
technologies coming online.  
 
However, it must be noted that these models are based on feedstock with an expected 
average quality. Changes in biomass quality (proportion of fractions), could result in 
differing scenario predictions. The models’ sensitivity to potential variability in the 
feedstock’s chemical composition was not included in this analysis.  
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Overall the silage only system appears to be the feedstock system which has the 
greatest potential in Ireland, with the greatest operational feasibility and a lower 
subsidy requirement.  
 
 
3.2 Economies of scale  
 
The most suitable economies of scale will be determined by:1) the size of catchment 
area needed and the availability of feedstock, which will in turn determine the 
transport costs associated with such an area;2) the number of farmers required to 
supply the biorefinery and the organisational structure of the biorefinery operator, 
whether it will be a private limited company or a cooperative of farmers. The most 
favourable scale in this analysis was that of the medium scaled (decentralised) models. 
The throughput at 0.8 t DM h-1 resulted in a still relatively small catchment area (size), 
with biomass availability to be assumed at 90% and hence lower average transport 
distance than the larger biorefinery.  
 
The average distance calculated to the biorefinery plant was 1.6 (1.64) km, which was 
within the 2 km zone and therefore feedstock transport costs were not a factor. This 
was not the case for the larger scale operation with a throughput of 5 t DM h-1; a 
disproportionately larger catchment area was required to supply it, this needs also to be  
considered when assessing the scenario outcomes. This additional area led to reduced 
biomass availability to 55% (Fig. 4.1). The average transport distance increased by a 
factor of three to 5.15 (5.23) km, which led to significantly greater transport costs 
(Table 4.9). The average size of an Irish farm is approximately 32 ha (Connolly et al., 
2008), from this the number of farmers supplying a biorefinery or the potential size of 
the farmers’ coop can be estimated. For the small, medium and large scale biorefinery 
a minimum of 6, 25 and 258 farmers respectively would be required as stakeholders 
(Fig. 4.1).  
 
Biorefinery facilities and AD CHP plants are substantial capital investments (Kamm et 
al., 2009; J. Sanders, unpublished) and financial assistance and government support 
will be required, in the initial stages of development (Popa-CTDA, 2005). The venture 
capital for each scenario is outlined in Table 4.9 on a per hectare basis. For a small 
scale Green biorefinery investments were estimated c. € 3 million or 15-16 k€ ha-1 
Indicators for the biorefineries at the small scale demonstrate that this would not be a 
wise investment, as they required government subsidies c. 80%, to get an NPV value  
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Table 4.8. Scenario results for biorefinery products and various operational parameters. Values 
are calculated per ha of catchment area supplied to the GBR. 
  
Grass/silage Silage only High tech  
Biorefinery biomass streams Small/Medium Scale 
   
Qty of fibre product (t ha-1) 4.95 4.77 4.77 
Qty of protein (t ha-1) 0.51 0.46 0.46 
Qty of LA (t ha-1) - 0.00 0.31 
Qty of VS going to the digester (t ha-1) 1.60 
(2.05) 
1.51 
(1.91) 
1.16 
(1.57) 
 
Energy parameters  
      
Methane from stillage m3 CH4 ha-1 471 
(602) 
443 
(562) 
342 
(461) 
Total energy produced (GJ ha-1)1 15.53 
19.88 
 14.59 
(18.51) 
11.27 
(15.19) 
Total energy demand (GJ ha-1)  31.18 
(28.20) 
29.25 
(26.37) 
 34.03 
(30.71) 
 
Recycled waste streams  
      
Digestate (t ha-1) @ 3% DM2 32.49 
(40.62) 
30.60 
(38.06) 
24.52 
(31.98) 
Effluent (t ha-1) @ 11% DM 6.20 8.01 8.01 
 
 
Biorefinery biomass streams - Large scale 
   
Qty of fibre product (t ha-1) 3.03 2.91 2.91 
Qty of protein (t ha-1) 0.31 0.28 0.28 
Qty of LA (t ha-1) - 0.00 0.19 
Qty of VS going to the digester (t ha-1)  0.98 
 (1.25) 
0.92 
(1.17) 
0.71 
(0.96) 
 
Energy  
      
Annual methane from stillage m3 CH4 ha-1 288 
(368.4) 
270 
(343.15) 
209 
(281.68) 
Total energy produced (GJ ha-1) 9.49 
(12.15) 
8.92 
(11.31) 
6.89 
(9.29) 
Total energy demand (GJ ha-1) 19.05 
(17.24) 
17.88 
(16.11) 
20.17 
(18.76) 
 
Recycled waste streams  
   
Digestate (t ha-1) @ 3% DM 19.85 
(24.82) 
18.70 
(23.26) 
14.99 
(19.55) 
Effluent (t ha-1) @ 11% DM 3.79 4.90 4.90 
1. AD CHP plant efficiencies are assumed to be 85% 
2. Digestate includes ash, for which mass into digester was equal to mass out of digester. Approx 
50% of ash in original feedstock, the rest removed during biorefinery processes 
 
    Note: values have been rounded to the nearest decimal place.  
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of zero. At this economy of scale the large energy demand related to the biomass 
processing makes the small-scale operations modelled in this study unviable. A 
potentially viable operation at this scale could be biogas generation (Geveke, 2009). 
For the larger scale biorefineries an investment, c. € 21 million (€ 2,407- € 2,681 ha-1) 
was estimated. At this scale, a private limited company would be the likely GBR 
business structure, which could successfully raise such large capital. At this scale of 
production, no government subsidies were required and the economic indicators 
showed very favorable returns with large NPV values. However, these should be 
considered with some degree of caution. The models tried to take into account reduced 
system efficiencies at this scale of operation; however, this was more then likely 
conservative as larger distances to the facility would lead to greater system losses, 
such as reduced quality of delivered biomass (delay between storage and harvest). 
Increased scale would also result in a reduced knowledge of biomass quality supplied 
(258 farmers supplying), as relationships with the suppliers may not be as strong as it 
would be at smaller scale. The downtime and maintenance for equipment would be 
longer due to the increased capacity, size of the machinery and number of units in 
operation. These inefficiencies could have implications for the profitability indicators 
and which are not taken into account by the model. The high tech scenarios modelled 
here could also have significant error margins, due to the assumptions made for the 
investments as outlined above. 
 
The medium scale biorefinery model scenarios were determined to have an investment 
capital of approx. € 7 million (€ 8,365- € 9,663 ha-1) and demonstrated profit potential 
with relatively low government subsidies, approx. 9-11% of the required capital 
investment (Table 4.9). The relatively smaller catchment area would also allow for a 
better management of feedstock quality as the biorefinery operator will have a better 
communication with the supplier. Knowledge of the feedstock is crucial for the 
success of a GBR as this will determine the quality of the end product (Grass, 2004). 
This size of an operation would have the potential to be run by a cooperative of 
farmers, approx. 25 farmers in the catchment area, small enough for practical decisions 
making. Therefore, from the scales investigated here, the most advantageous one 
appears to be the medium scale with its positive financial indicators and the potentially 
more practically sized supply chain management. 
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Table 4.9. Scenario results for biorefinery products and various operational parameters. Values are calculated per 
ha of catchment area supplied to the GBR. 
 
 
Grass/silage Silage only High tech  
Small scale  
   
Total cost of feedstock € ha-1 753 
(699) 1 
745 
(699) 
770 
(718) 
2Transport costs digestate € ha-1 33 
(40) 
33 
(39) 
28 
(34) 
Energy deficit costs € ha-1 539 
(322) 
505 
(303) 
769 
(534) 
Total proceeds € ha-1 4,634 
(4,646) 
4,441 
(4,451) 
4,420 
(4429) 
3Total production costs € ha-1 3,392 
(3228) 
3,227 
(3089) 
3,506 
(3143)) 
Gross profit € ha-1 1,241 
(1418) 
1,214 
(1362) 
913 
(1286)) 
Minimum investment c. € ha-1 15,452 
(16,269) 
14,788 
(15,546) 
16,262 
(17,054) 
Minimum subsidy for economies of scale (%)   
 >50   >50   >50 
 Medium scale 
      
Total cost of feedstock  € ha-1 753 
(611) 
745 
(699) 
770 
(718) 
Transport costs digestate € ha-1 34 
(49) 
34 
(41) 
29 
(35) 
Energy deficit costs € ha-1 474 
(287) 
444 
(271) 
676 
(470) 
Total proceeds € ha-1 4,569 
(4,563) 
4,381 
(4,374) 
4,373 
(4,366) 
Total production costs € ha-1 2,377 
(2,196) 
2,257 
(2,103) 
2,523 
(2,237) 
Gross profit € ha-1 2,192 
(2,367) 
2,124 
(2,271) 
1850 
(2,129) 
Minimum investment ca € ha-1 8,740 
(9,201) 
8,365 
(8,792) 
9,217 
(9,663) 
Minimum subsidy for economies of scale (%)   10.48 
(7.97) 
9.4 
(7.66) 
31 
(24) 
 Large scale 
   
Total cost of feedstock € ha-1 560 
 (488) 
558 
(502) 
615 
(548) 
Transport costs € ha-1 85 
(89) 
84 
(89) 
81 
(85) 
Transport costs  raw material € ha-1 61 
(61) 
60 
(60) 
61 
(108) 
Transport costs digestate € ha-1 24 
(29) 
24 
(29) 
21 
(25) 
Energy deficit costs € ha-1 289 
(154) 
271 
(145) 
413 
(287) 
Total proceeds € ha-1 2,792 
(2,789) 
2,677 
(2,673) 
2,672 
(2,668) 
Total production costs € ha-1 1,223 
(1,085) 
1,166 
(1,006) 
1,326 
(1,194) 
Gross profit € ha-1 1568 
(1,703) 
1,511 
(1,677) 
1,346 
(1,474) 
Minimum investment c. € ha-1  2,515 
(2,647) 
2,407 
(2,529) 
2,553 
(2,681) 
Minimum subsidy for economies of scale (%)    0  0  0 
1 Figures in parenthesis are the values predicted for scenarios without protein as a product. 
2 Transport costs refers to transport of raw material + transport of slurry (digestate & silage effluent), the transport 
costs for the smaller scales were zero due to the average radial distance being smaller than 2 km. 
3 Total proceeds, also includes savings made due to the energy generated from AD CHP plant 
 *Note: figures have been rounded to integers 
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3.3 Processing technologies 
 
The values outlined in Tables 4.8 and 4.9 show the values relating to the biorefinery 
scenarios where protein is extracted “Prot scenarios” and the scenarios (in parenthesis) 
where the protein fraction is retained in the stillage being sent to the digester “No 
Prot” scenarios. In the process of developing the models it became clear that the 
energy demand associated with drying the fibres (the largest bulk of the biomass) was 
quite high under current conditions modelled and there was relatively little additional 
value generated through protein extraction (Fig. 4.4). This was also related to the 
lower price obtained for the proteinaceous product. The high fibre content can be 
related to the current management and cutting systems in Ireland producing a 
feedstock which is mostly comprised of fibre (500 g kg-1DM), unlike the European 
cutting systems, where biomass is harvested more frequently (Bruinenberg et al., 
2002). Increasing the frequency of cutting would lead to a biomass feedstock with 
greater crude protein content, as it would be cut at a more vegetative stage (Buxton, 
1996; Hoekstra et al., 2007), hence processing the juice stream for protein products 
could  be more beneficial than the Irish scenarios (current harvesting practices) being 
predicted here. The “No Prot” scenarios, could be viable in the short to medium term 
due to the current Irish governments “Greener home scheme” (SEAI, 2010), which 
promotes the insulation of older houses to improve their heat energy rating. However, 
with the economic down turn (at time of writing), the construction industry is facing 
many obstacles (DKM Economic Consultants, Feburary 2010), which could have 
implications for a fibre-only system. The production of other non-related products 
could help to buffer price changes with the fibres, which is one of the key concepts of 
biorefinery, to enhance profitability and sustainability through the production of a 
multitude of products from the one feedstock (Kromus et al., 2004). 
 
On the other hand, redirecting the protein fraction to the digester increases the fertiliser 
value, which has a positive feedback for reducing the costs of the raw material (see 
Tables 4.8 and 4.9). However, one key issue which was not examined here, and which 
could be very relevant for improving the profitability of a biorefinery and the digester 
performance, is the addition of animal slurries for co-digestion (Jagadabhi et al., 2008; 
Singh et al., 2010). The potential increases of biogas and hence increased energy 
available for processing could see the outcomes of these predicted scenarios change 
and the “benefits” for not extracting protein would no longer be an issue and this 
would ultimately make the “Prot” scenarios more sustainable. The crude protein 
installations could be constructed with the initial development or retrofitted when 
conditions (technologies, grass husbandry) become more favourable for protein 
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extraction. It is the liquid stream where most of the potentially high value products are 
to be extracted (Danner and Braun, 1999), the benefits of starting operations with 
protein extraction provides the opportunity for biorefinery stakeholders to become 
familiar with processing the juice and increasing the potential to upgrading to more 
advanced process technologies, such as lactic acid products as outlined in the future 
scenarios predicted in this paper. Therefore, because both systems have potential, they 
will both be considered in the development of a blueprints for an Irish GBR. 
 
The high tech scenarios or future scenarios were generated to show the true potential 
of product diversification and the future potential of systems supplied with adequate 
juice streams and technologies for exploiting them. The primary reason for not 
selecting such systems for the short to mid term biorefinery blueprint is due to these 
technologies still being in the developmental stage, the efficiencies and purities 
outlined in these futuristic scenarios are idealised and in reality could be more 
conservative. The level of investment required for the more advance technology 
system can also be seen in Table 4.9, in comparison to the more established extraction 
technologies, the subsidies required were substantially larger. The second reason is the 
harvesting regimes currently in operation in Ireland have a lower juice stream 
available for exploitation, as it predominantly comprises of a solid press cake or fibre 
fraction and therefore technologies for manufacturing from this solid fraction appear to 
be the more viable option on the short-mid-term. 
 
 
3.4 Energy balance 
 
It is clear from the results that the energy balances between processing the green 
biomass and that produced by the CHP will be a key driving force of a successful 
green biorefinery project, which corresponds to the views of other biorefinery studies 
(Kamm et al., 2009; Popa-CTDA, 2005). In the European Union energy charges are 
grouped into different charge categories according to energy consumption (€c MW-1), 
with the largest energy consumers receiving their energy at a cheaper cost price per 
kWh used. The intense energy demands of Green biorefineries processes (i.e. 
fiberization, drying) would result in the energy being provided at the cheaper rate, if 
electrical energy was supplied to the facility from an external source (c. € 0.10). The 
potentially low energy costs has allowed Austria and Germany to optimise their energy 
markets to allow bioprocessing facilities to sell the energy generated on site for a profit 
to the grid and buy energy at a lower rate from the grid (Geveke, 2009). Under current 
conditions (at time of modeling), the prices obtained in Ireland for biomass to energy 
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(c. 0.12 €) are still much too low to be a viable option (approx. 0.07 €c lower than in 
mainland Europe), for a GBR to sell the electricity generated on site and buy in the 
required energy. From the sensitivity analysis of the models an estimated price of c. € 
0.26 was required to equilibrate the financial indicators of the base case scenarios 
(own supply of energy and deficit bought in), to the scenarios where all electrical 
energy was sold to the grid and the energy needed for processing was bought from the 
grid. The modelled conditions in these scenarios determined the energy demand of the 
systems to be much greater than the energy generated from the stillage (Table 4.8) and 
therefore, unless the energy production for the systems are modified i.e. co-digestion, 
the demand of the system will be too great to generate any surplus energy to sell to the 
grid, as was the case with these scenarios. Considering the obstacles outlined in O’ 
Keeffe et al. (2009) for supplying to the national grid, such as planning permission, 
potential cost for additional grid transformer capacity, etc. in the short-term it would 
be more advantageous for a biorefinery to use the energy generated for its own 
biomass processing. However, when conditions become more favourable i.e. increased 
price for electricity sold to the grid, or sufficient additional energy can be generated, 
then it maybe more profitable to to sell to the grid. 
 
 
4 Selection of base case scenario – GBR blue print  
 
It is clear from the results presented here that the most appropriate scale (from those 
analysed in this study) for an Irish GBR blueprint is the medium scale. Under the 
current cutting systems and average quality biomass assumed, the selection of 
feedstock system is not so clear, as both appear to be economically viable; however 
from an operational point of view the silage-only has been noted by many biorefinery 
experts to be a more viable option (Danner and Braun, 1999; Danner et al., 2000; 
Halasz et al., 2005; Kromus et al., 2004).  There is also the additional issue of whether, 
under the Irish conditions modelled here, protein extraction would be a viable option. 
Therefore the most appropriate models which need to be considered in the 
development of an Irish GBR blueprint are the medium scaled, silage biorefinery 
model, with and without protein as a secondary product. 
 
 
4.1 Sensitivity analysis of base case  
 
There is very little difference between the minimum subsidies predicted for both the 
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“Prot” and “No Prot” scenarios (Table 4.9). The net present value or cash flow (NPV) 
is based on projections or expectations of future cash flows. In order to estimate the 
sensitivity of the base cases to the potential future uncertainties, a sensitivity analysis 
was carried out for both. This was done by systematically varying from the base case, 
each parameter relevant for the profitability (Fig. 4.4).  
 
When graphed, the steeper the slope of the line the greater the sensitivity of the GBR 
profitability to the variable in question. This helps to point out primary areas which 
require attention for continued research and development. The parameters with the 
potentially greatest impact on NPV or potential cash flow (profitability) will be 
discussed here. As fibre constitutes the greater proportion of the feedstock it is not 
surprising that the profitability indicator NPV is sensitive to selling price of fibre 
products, Seven percent reduction in selling price (€ 0.75 kg-1) leads to a negative 
NPV.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4 Investment sensitivity analysis for silage only blueprint (incl. protein products), 
percentage change from base case scenario against change in NPV (€ Mio)  
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The unit changes in the GBR NPVs (€, 000) per unit change in, price for fibre (€ kg-1), 
price for proteinaceous products (€ kg-1), costs of raw feedstock (€ t-1) and 
Government subsidies (percentage of capital invested) were 15.10, 0.47, -2.87, 0.86, 
respectively for the “Prot” scenarios. For the “No Prot” scenarios unit of change in the 
GBR NPVs were 15.07, -2.7, and 0.73. A unit of change in the revenue from fibre 
generated the largest unit of change in the NPV, having the largest slope as shown in 
Fig. 4.4. The model was not as sensitive to other model parameters, raw materials and 
subsidies. As fibre makes up the greatest bulk of the raw material, its selling price 
therefore will contribute more significantly to the profit of the biorefinery then the 
crude protein product; hence the price of the protein had little overall effect on the 
system.  
 
 
5 Conclusions of the study 
The findings of this study suggest that the blueprint in the short-to-medium term for an 
Irish GBR is envisioned to be a decentralised facility (medium scaled), using a silage 
feedstock and processing energies supported through on site energy generation in an 
AD CHP plant run on the biorefinery stillage.  
The energy balance between processing energies and the energy generated by the CHP 
plant will be crucial in the success of a biorefinery model in Ireland and needs to be 
researched further.  
 
The current harvesting systems may require adapting e.g. increased cuts in the year in 
order to enhance the profitability of a biorefinery manufacturing crude protein 
products, however the trade off between increased harvesting costs and increased 
energy consumption for this type of system will also need to be determined viable or 
not.  
 
The models presented here, although restricted to the most available data (at time of 
modelling), show that green biorefinery requires government support in the order of 
approximately 9-11% to be established successfully in Ireland. To enhance the 
profitability and hence the sustainability of these biorefinery systems requires more in-
depth and detailed research. 
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Green Biorefinery (GBR) scenarios for a two-cut 
silage system: Investigating the impacts of sward 
botanical composition and N fertilisation rate on 
GBR profitability and price offered to farmers 
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Abstract  
 
In Ireland, grass is a readily available bioresource. It has previously been established 
that Green biorefinery (GBR) could become a potential use of Irish grasslands, and a 
blueprint for a sustainable GBR industry in Ireland has been developed. The objective 
of this paper is to use scenario analysis to investigate the sensitivity of the profitability 
of the GBR blueprint to variations in grass quantity and quality as a function of 
botanical composition, fertiliser application, and biomass availability. As an outcome 
of these scenario analyses, the price the GBR can offer to farmers above their 
production costs (€ t-1 dry matter) was calculated. GBR systems located in a catchment 
area of permanent pasture with grass yields in the range of 9-12 t dry matter ha-1, and 
supplied with grass biomass with a fibre content of 500 - 555 g kg-1 dry matter and a 
protein content of 110-130 g kg-1 dry matter, were viable under this scenario analysis. 
Reducing grass biomass availability below 30% resulted in a financial loss for both the 
GBR and the farmers in most cases, due to increased transport costs. Within the 
scenario assumptions adopted in this study, grass feedstock was valued at €4 - €28 per 
tonne dry matter above production costs. However, this value depended on the yields 
and biomass availability of the catchment area supplying the GBR. 
 
Keywords: grass, silage, green biorefinery, fibre, protein 
 
 
1 Introduction 
 
1.1 Agricultural systems in Ireland and Green biorefinery (GBR) 
 
For the last decade in Europe, there has been increasing interest in using grass biomass 
for energy and chemicals (Danner and Braun, 1999). Grass is a bioresource that is 
readily available in Ireland. Approximately 90% of the agricultural area (3.8 million 
ha) is devoted to grassland farming and animal production systems (O' Mara, 2008). 
Environmental restrictions such as the Nitrate Directive (91/676/EEC) and economic 
pressure from Common Agricultural Policy reforms have led to declining livestock 
numbers (EU Commission, 2010) and a potential for surplus grassland biomass. These 
issues combined with a low family farm income (Connolly et al., 2008; Teagasc, 
2009); have led Irish farmers to begin investigating alternative uses of their grasslands 
(Irish Farmers Monthly, 2008). 
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Green biorefinery (GBR) has been suggested as a potential use of Irish grasslands (O' 
Keeffe et al., 2009). GBR involves applying technology to chemically and physically 
fractionate green biomass (grass and grass silage) (Kiel, 1998) into two streams: press 
cake (the solid fibre fraction) and press juice (the liquid fraction). The press cake can 
be utilised for low value products such as insulation materials for building (Grass, 
2004; Kromus et al., 2004). The press juice can be used to produce high value products 
which could be used as substitutes for mineral oil derived products such as lactic acid 
for plastic and polylactide (PLA) production, proteins for the animal feed and 
cosmetics industries, and ethanol for biofuel. After extracting the desired fractions 
from the biomass, the residual grass/silage slurries or ‘stillage’ can then be fed into an 
anaerobic digester to produce biomethane gas, which can be used in electricity and 
heat generation (Grass, 2004).  
 
 
1.2 Overview of an Irish GBR blueprint  
 
O’Keeffe et al. (2009) suggested that the adoption of “conventional” farming practices 
for GBR in Ireland could promote a smooth transition to farming practices for GBR in 
Ireland. They developed a “Blueprint for an Irish GBR” based on the best available 
technologies for processing the highest yielding grass silage fractions, such as fibre 
and protein, based on the current harvesting regime in Ireland, i.e. a two-cut silage 
system. Two possible production scenarios were identified; the first was to produce 
fibre products alone as insulation material (“No Prot” scenario), and the second was to 
include a secondary proteinaceous product as an animal feed (“Prot” scenario). The 
short-to-medium term blueprint for an Irish GBR was defined as a decentralised 
biorefining plant, processing 6,182 t dry matter (DM) grass silage per annum, from a 
catchment area of approximately 840 ha. The facility was located in an area with 
approximately 90% grassland and was supplied by all the farmers in the area (90% 
biomass availability). The grass feedstock supplied was assumed to have an optimised 
quality or fraction yields of 550  kg fibre (NDF) t-1 DM and 170 kg crude protein (CP) 
t-1 DM (see O’ Keeffe et al., submitted a). In all blueprint scenarios, the farmer hired 
agricultural contractors to harvest and deliver the fresh grass to the biorefinery and the 
grass was ensiled on site to ensure controlled and uniform ensiling conditions. These 
blueprints are discussed in greater detail below. 
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1.3 Additional considerations for a GBR blueprint – Grass biomass supply  
 
It was assumed that the grass feedstock supplied to the biorefinery was from 
permanent pastures, as the majority of grass silage in Ireland is made from these 
pastures (O' Kiely et al., 1993). The quality or yields of desirable fractions such as 
fibre (NDF) and crude protein (CP) of grass (and hence silage) from these permanent 
pastures will vary depending on, inter alia, botanical composition, geographical 
location, local climate, Fertiliser management, and growth stage at time of harvesting 
(Van Soest et al., 1978; Buxton, 1996). Intensive management (reseeding, high cutting 
frequency) and high nitrogen (N) application rates result in high DM yielding swards, 
sometimes entirely dominated by perennial ryegrass (Lolium perenne) (Fositt, 2000). 
With less intensive management, secondary grass species, such as meadow-grasses 
(Poa spp.), Yorkshire-fog (Holcus lanatus), bent grasses (Agrostis spp.) and 
herbaceous species including docks (Rumex spp.) enter the sward mix (Fositt, 2000). 
Permanent pasture with a greater abundance of secondary species can have yields 
comparable to L. perenne dominated swards, however they may not always be 
agronomically optimal, i.e. might have lower quality than L. perenne dominated 
swards (Frame, 1990; Keating and O'Kiely, 2000b; Peeters, 2004). 
 
Low DM yields will reduce biomass availability within the catchment area of a GBR. 
Other possible causes of low availability are reduced pasture area, or economic 
reluctance by farmers to supply a biorefinery. The original GBR scenarios assumed a 
constant and readily available supply of biomass (90% availability). In reality, the 
sensitivity of the GBR blueprint scenarios to the variation in botanical composition 
and biomass availability needs to be considered when supplying grass biomass to a 
GBR plant, as this will impact on the profitability of the entire system and the potential 
price that can be offered to farmers (Kromus et al., 2004). 
 
Therefore the objectives of this study are to subject the GBR blueprints to scenario 
analyses, to investigate the impact of variation in: 
1) botanical composition of the grass feedstock (the ratio of abundance of 
L. perenne to secondary grass species ranging from 90:10 to 60:40); 
2) N fertiliser application rates (45, 90, or 225 kg ha-1 a-1)  
on: 
1) GBR profitability; 
2) biomass production costs; and  
3) the price the GBR can offer to the farmers above their production costs 
(€ t-1 DM).  
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The scenarios in this study were generated using a combination of field trial data and 
desk study modelling. The data from field trials were used to develop a “biomass 
supply model” and an “ensiling model” The latter was used to integrate the supply 
model with the desk study GBR model. The integrated models were then used to 
determine the profitability for each scenario analysed.  
 
 
2 Materials and methods 
 
 2.1 Field trials - Experimental data generation for biomass supply and silage 
models 
 
2.1.1 Harvesting and ensiling grass biomass 
 
Field trials, described in O’Keeffe et al. (submitted a), were established on six 
commercial farms around the country (see appendix 1 for full site descriptions and 
climatic data). Three annual N Fertiliser application rate treatments (45, 90, and 225 
kg N ha-1) were applied as calcium ammonium nitrate (275 g N kg-1) to 2.5 m x 2.0 m 
plots with adequate P and K based on soil tests. Each treatment had four replications. 
Simulating the national silage harvesting campaigns in Ireland, silage was cut from the 
plots twice yearly (late May / early June and late July / early August); except for the 
most northern site (Fermanagh), where there was one single annual cut in late July. 
Harvested grass from each of the plots was laid out in a strip and chopped with a lawn 
mower to simulate a “precision chop” silage cut. The chopped grass was then packed 
into plastic bags. As much of the air as was possible was expelled from the bags before 
sealing them, effectively ensiling them onsite before transport to the Teagasc at 
Grange (53º 6’ N; 6º 45’ W).  Grass was stored at 4 ºC overnight, prior to transfer into 
laboratory silos, as per (O' Kiely and Wilson, 1991). Laboratory silos were stored at 15 
ºC for approximately 120 days. Effluent (if any) was collected and weighed when silos 
were re-opened, and the final weight of the silage was recorded. After thorough aseptic 
mixing, samples were taken from each silo and stored in a freezer at -18 ºC prior to 
chemical analyses.  
 
 
2.1.2 Chemical analyses for biomass quality  
 
Samples of grass and silage were dried at 100 °C (overnight) to estimate DM content.  
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Samples dried at 40 ºC for 48 h were milled  through a sieve with a 1 mm aperture 
prior to analysis for fibrous components or total cell wall content (cellulose, lignin and 
hemicellulose), using neutral detergent fibre (NDF) (Van Soest, 1963). This was used 
to estimate the potential press cake proportion of the biomass. CP (total N x 6.25; 
LECO FP 428 nitrogen analyser – AOAC, method 990-03), was measured to indicate 
the proportion of the proteinaceous fraction (e.g. amino acids, proteins, peptides, 
nitrate), extractable from the biomass in the press juice. Water soluble carbohydrates 
(WSC) (Thomas, 1961), volatile fatty acids (VFA), lactic acid, ethanol and ammonia-
N were measured as indicators of silage quality. Both VFAs and ethanol were 
measured by gas chromatography using the method of (Ranfft, 1973). Lactic acid was 
measured using the Boehringer method for the determination of lactic acid in 
foodstuffs and other materials (cat. no. 139084), while N in ammonia (NH3-N) was 
measured using the Sigma Diagnostics method for plasma ammonia (Procedure no. 
171-UV). 
 
2.2 Desk study  
 
2.2.1 Overview of modelling steps 
 
The scenario outputs generated for this study were developed through the integration 
of the various component models derived from experimental field data and desk study 
analysis (Fig. 5.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1 Overview of the integration steps taken with the various component models 
derived from experimental field data and desk study analysis. 
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Step 1 - Farm step: The biomass supply model of O’Keeffe et al. (submitted a) was 
used to predict the quantity (DM yields (t ha-1 a-1)) and quality (NDF and CP (kg t-1 
DM)) of the pasture biomass as a function of nitrogen fertiliser (45, 90, 225 kg N ha-1 
a-1), growth stage at time of harvesting, and sward botanical composition 
 
Step 2 – Ensiling/Storage step at biorefinery: Good quality silage was assumed to be 
produced from the grass biomass ensiled in the GBR silos. The silage quality of the 
different feedstock types was predicted by substituting the biomass supply model 
outputs (Table 5.1) from Step 1 into the linear models generated from the laboratory 
silos experiment described in this paper. Effluent losses were estimated using the 
model outlined by Bastiman and Altman (1985).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2 Mass and energy flow diagram from O’Keeffe et al. (submitted b) blue print 
scenarios for an Irish GBR in the short-to-medium term. 
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Step 3 - Bio-processing at biorefinery: The GBR processing model consists of three 
fully integrated mass, energy, and economic models (Fig. 5.2). The silage quality 
predicted from Step 2 and the DM yields predicted in Step 1 were used for the mass 
and energy sub models in the biorefinery processing model (O' Keeffe et al., 2009). 
This was then used to determine the effects of the different silage feedstocks on the 
economic performance indicator of the GBR systems.  
 
 
Step 4 - A sensitivity analysis was carried out to determine the gross profit per ton of 
DM, for each of the different scenario combinations of sward composition and N rate. 
From this, we established the price of feedstock, over and above the production costs, 
payable to farmers supplying the GBR. 
 
 
2.2.2 Modelling of grass feedstock quality and quantity – STEP 1- On-farm conditions 
 
The biomass supply model of O’Keeffe et al. (submitted a) was used to determine the 
quantity and quality of ensiled herbage from pastures with contrasting sward 
composition i.e. with the ratio of Lp to secondary grass species ranging from 90:10 to 
60:40. The Microsoft Excel 2003 solver function (Microsoft Corp., Seattle, WA) was 
used to predict the maximum DM yields and fraction yields of NDF and CP (both 
expressed in t ha-1 a-1) for each of the contrasting sward types. The resulting NDF and 
CP mass fractions (kg t-1 DM) were then used as input variables for the GBR blueprint 
mass balance (Table 5.1). The original model constraints were maintained as per 
O’Keeffe et al. (submitted a), however new constraints were introduced in order to 
predict annual DM yields (Table 5.2). The relative abundance constraints for Lp: 
secondary grass species ranged from 0.90 to 0.60. The models predicted maximum 
yields for a mixture of Lp with a secondary grass mix of Agrostis spp. (As) and H. 
lanatus (Hl) (Table 5.1).  
 
 
2.2.3 Modelling of silage quality - Step 2- storage/ensiling of grass 
 
The objective of step two was to predict the fractions (NDF, WSC, CP, LA) or quality 
of the silage removed from the GBR silos, as a function of grass quality going into the 
silos and N rate. It was assumed that good quality silage could be produced, with 
minimal losses to the biomass quality (Table 5.3).  
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Data from the laboratory silo experiment were analysed as repeated measures using 
generalised linear mixed models, implemented using Proc GLIMMIX in SAS (SAS 
Institute, 2003). 
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Table 5.2. Constraints of  grass supply model, modified to account for 1st and 2nd cut of a 
two-cut silage system O’Keeffe et al. submitted a  
Constraints  Annual  1st cut  2nd cut  
1GS Lolium improved  2.8 - 3.1 2.2- 2.4 
2Nrate high 225 125 100 
Nrate med 90 45 45 
Nrate low  45 25 20 
1. GS= Growth  stage at time of cutting; Vegetative stage < 1.9, Elongation stages 1.9 - 3, Booting 
stage 3.0 - 3.1, Inflorescence / 1st spikelet visible 3.1- 3.3, Spikelets fully emerged / peduncle not 
emerged 3.3 - 3.5, Inflorescence emerged / peduncle fully elongated 3.5 - 3.7, Anther emergence / 
anthesis 3.7 - 3.9, Post anthesis > 3.9 (Moore et al., 1991). 
2. Nrate = Nitrogen fertiliser rate kg ha-1 yr-1 
 
Table 5.3. Fermentation quality of silage for laboratory silo experiment, meaned across 6 
sites, 2 years (1st and 2nd cut) and 3 rates of N 45, 90, 225 kg ha-1 a-1 (sample no = 230) 
 (Variables in g kg-1 DM unless otherwise stated) 
 
Mean  S.E.M 
pH grass  6.1 0.0 
pH silage 3.7 0.0 
Buffering capacity of grass 
(m Eq kg-1 grass DM) 340.3 5.3 
NH3N (g kg-1 total N) 49.9 1.9 
Lactic acid   80.1 2.1 
Acetic acid  37.6 2.9 
Propionic acid 2.0 0.5 
Butyric acid  1.6 0.3 
Ethanol 19.9 0.7 
1 Total fermentation acids 121.2 3.9 
2 Total fermentation products 141.1 4.1 
1. Sum total of fatty acids, (lactic acid + acetic acid + propionic acid  + butyric acid)  
2. Sum total of fermentation products (total fermentation acids + ethanol) 
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Models were fitted separately for each fraction of interest e.g. for the fibre model, the 
quantity of fibre [(g fibre kg-1 DM*0.001) x kg grass DM ensiled = NDFin] and the 
nitrogen fertiliser application rate (Nrate) were included in the model as fixed effects to 
predict the quantity of fibre in the silage, which was removed from silo [(g fibre kg-1 
DM*0.001) x kg silage DM = NDFout]. Harvest, site and year were included as random 
effects. Model fitting was conducted for the random effects and the model of best fit 
was determined for each silage fraction using Akaike’s Information Criterion (AIC). 
The compound symmetric random structure was the best fit for the random model. 
Model estimates for the mass balances are shown in Table 5.4. The silage quality used 
for the scenarios analysis in this paper were estimated as a function of the grass 
feedstock fractions (output from the biomass supply model (STEP 1)) and model 
coefficients (b and c) from the Proc GLIMMIX procedure (Table 5.4), e.g. 
 
NDFout = a + bNDFin + cNrate    Eqn 1 
 
The grass DM yields and resulting silage mass fractions NDFout, CPout, WSCout, LAout 
were then used as input variables for the mass balance of the GBR processing model 
of STEP 3.  
 
 
2.2.4 Biorefinery models –STEP 3- Bioprocess  
 
The GBR processing model was used to investigate the effects of the different silage 
feedstocks (STEP 2) on the economic performance indicators of the GBR systems. 
 
 
2.2.4.1 Biorefinery factory steps – description  
 
This GBR blueprint of O’Keeffe et al. (submitted a) predicted a GBR facility to be: 
• A plant at the centre of a circle of radius 1.64 km, with annual DM yields within 
the catchment area assumed to be 10.2 t DM ha-1 a-1. 
• The biorefinery operated for approximately 46 weeks annually, with a 
throughput of 0.8 t DM hour-1 and processed 6,182 t silage DM. 
• A catchment area of c. 840 ha was calculated to ensure adequate biomass was 
supplied to the GBR facility to account for biomass availability (90%) and 
system losses, which were assumed to be as follows; field losses (3%), DM loss 
in effluent (10%) and feed out losses (7.5%). 
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• An anaerobic digester (AD) and combined heat and power (CHP) plant on site 
were used to process the stillage (waste streams) and produce heat and electrical 
energy. GBRs, particularly those producing fibre products are energy intensive 
(due to drying of fibre) (Kamm et al., 2009). Therefore, it was assumed the 
energy was used for processing the silage into fibre and proteinaceous products. 
Energy saving made as a result of the CHP plant were calculated at €0.11 per 
kWh produced by the CHP plant. The additional energy required to process the 
silage was assumed to be bought from the national grid. 
 
• The blueprint generated two scenario outcomes; these were: 
o “Prot”, which has two biorefinery products: fibre and crude protein. 
o  “No Prot” where the proteinaceous fraction is redirected to the digester 
to increase on-site energy generation and to reduce costs of purchasing 
energy. 
 Optimum revenue generation was assumed, the fibre insulation material was 
estimated at €0.80 kg-1 (Grass, 2004) and € 0.27 kg-1 was estimated for the 
proteinaceous product (Calculated from Central Statistic Office data, four years 
meaned data, 2005-2008).  
• The capital investment costs for the GBR plant included the costs for: silos; 
factory intake areas; storage; refiners; centrifuges; equipment for coagulation 
and for separation; and driers (J. Sanders, unpublished). Annual operational 
costs for the biorefinery were estimated at 3% of the initial investment capital. 
• Capital investment costs for the CHP facility included the costs of the anaerobic 
digester, CHP units and storage tanks. Annual operational costs for the CHP 
were assumed to be 10% of the capital investment made (Poliafiaco and 
Murphy, 2007; Smyth, 2007). Total capital costs were depreciated over 10 
years. 
• It was assumed a government financial subsidy would be required to establish a 
GBR plant (O’Keeffe et al., submitted b). A minimum financial subsidy of 
approx. 9.4% of the capital costs was calculated for the break even point, where 
NPV = 0. 
 
 
2.2.4.2 Description of GBR blue prints – Farm boundary (Fig. 5.2) 
 
 A biomass availability of 90% was assumed; i.e. the majority of land in the 
catchment is under grassland and all farmers in the catchment are supplying 
grass feedstock. It was also assumed the farmer delivers fresh grass to the 
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biorefinery and that the grass is ensiled on site to ensure controlled and uniform 
ensiling conditions.  
 The farmers’ overhead costs for producing the grass included the cost of the 
field maintenance (roads, fences), management (fertiliser, lime) and harvesting 
(contractor and plastic for ensiling).  
 The base price paid to the farmer in the GBR model was assumed to be the 
break even price. 
  It was assumed that the farmers follow standard fertiliser rate 
recommendations for grassland cut twice for silage, i.e. 225 kg nitrogen (N) ha-1 
a-1, 30 kg phosphorus (P) ha-1 a-1, 155 kg potassium (K) ha-1 a-1 (Coulter and 
Lalor, 2008). 
 The fertiliser costs for applied N, P, K, were calculated using the current farm-
gate prices (at time of writing) of €0.83, €1.56, €1.21 per kg, respectively. 
  It was assumed that the waste streams from the biorefinery processing (silage 
effluent and digestate from the AD plant) are returned as slurries to the fields 
harvested. The scenario output calculated that c. 34 kg ha-1 a-1 of N, 10 kg ha-1 
a-1 of P, and 134 kg ha-1 a-1 of K was returned in the stillage, thereby reducing 
fertiliser costs for the farmer.  
 The transport and spreading costs for the returned “slurry” were assumed to be 
paid by the biorefinery. 
 
 
2.2.5 Modification to blueprint models  
 
2.2.5.1 Effluent production and nutrient losses – New model assumption  
 
In the original model the dry matter losses in effluent were estimated from the 
literature and taken to be at the higher rate of 10%, due to the high N rate of 225 kg N 
ha-1 a-1 assumed used by the farmer. However to take into account the effects of 
changing N rate on the dry matter losses in effluent, the model outlined by Bastiman 
and Altman (1985) (Eqn 2) was used. The model describes the curvilinear relationship 
between percentage DM content of the grass ensiled (x) and dry matter loss in effluent 
(DMeff). Effluent fresh weight losses (l t-1 grass ensiled) (Eff) were also predicted using 
the Bastiman and Altman equation (Eqn.3). The DM of the fresh grass delivered to the 
biorefinery at the three fertiliser N rates (45, 90, 225 kg N ha-1 a-1), was estimated 
using the meaned DM data from the 6 field trials over 2 years and 4 harvests outlined 
in section 2.1.1. The corresponding mean silage DM contents were also used in the 
biorefinery model (Table 5.5). 
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x
eff eDM
23.03.19401.0(%) −+=       Eqn 2 
 
21 936.04.53767)( xxgrassltEff ensiled +−=−                     Eqn 3 
 
 
2.2.5.2 Additional transport costs - Distance dependent costs  
 
Transport costs were calculated for both the transport of grass and slurry returned. The 
average haul distance to the biorefinery was calculated to be 1.45 km using a tortuosity 
factor of 1.33. (For full details on the transport cost and assumptions see O’Keeffe et 
al. (submitted) and Table 5.21A in appendix). In the original model transport costs per 
tonne of grass harvested were estimated following consultation with silage experts and 
contractors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Transport costs were assumed to be included in the contractor price outlined in Table 
5.6, provided distance travelled to the silos remained under 2 km; for each additional 
km outside this zone a transport cost was applied. It was assumed that when the 
average distance ( ___X  ) to the biorefinery exceeded 2 km, the additional transport costs 
(T) for the harvested biomass were calculated using Eqn 4. The distance dependent 
costs (d) were estimated at €2.13 t-1 DM grass transported (doubled to account for the 
return trip), and multiplied by the quantity of forage required (t DM a-1). Costs for time  
 
Table 5.5. Estimated DM losses and effluent production as a function of nitrogen 
application and DM content of grass feedstock delivered to the biorefinery. 
 
1 Scenarios 
 High N  Medium N  Low N  
 
2Feedstock  
   
Grass DM  (DM grass g kg-1 FW 3) 185 200 210 
 
L. perenne improved grass mix 
   
Effluent predicted (l t-1 FW ensiled) 99 60 57 
Loss of ensiled DM via effluent (%) 3 1.6 1.5 
Effluent modelled ( l t-1 FW ensiled ) 103 63 60 
 
Silage output   
   
Silage  DM (DM silage g kg-1 FW3) 200 210 220 
1. Rates of N application for each scenario grouping High, Medium and Low were 225, 90 and 45 kg N ha-1 
a-1 respectively.  
2. Feedstock or biomass being delivered after cutting to the biorefinery plant.  
3. FW = Fresh weight of biomass 
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Table 5.6. Estimated costs of raw material – grass silage production  (Source: (Teagasc and Agricultural and Food 
Development Authority, 2008) 
 
1st cut silage €/ha 2nd cut silage €/ha 
  
Over head costs for farmers    
Maintenance costs (m)   
Roads and fencing  43 34 
Reseeding  20 16 
 
Management costs (M)   
Fertiliser 1 280 141 
Lime 20 16 
 
Harvesting costs (H)   
2Plastic  15 12 
3Contractor €ha-1 247 227 
   
4Total costs €ha-1  625 446 
 
Equation for estimating Total production costs farmer   
 
Cg = Σ m + M + H 
 
Cg = Cost of grass feedstock (€ t-1 DM)  
m=maintenance costs – roads fencing 
M =  management costs 
H = harvesting costs – contractor price 
M = L + Fert  
 
L = cost of Liming (€ t-1 ) 
Fert = cost of fertilisers N , P , K (kg ha-1 a-1)  
5Fert = Σ [a (Nr – RN) + b(Pr- Rp) + C (Kr - Rk)] 
 
a  = replacement cost of nitrogen  fertiliser (€ kg-1) 
Nr = required rate of N (45, 90, 225 kg ha-1 a-1) 
RN = returned nitrogen from waste of GBR (kg ha-1 a-1) 
b = replacement cost of nitrogen  fertiliser (€ kg-1) 
Pr = required rate of phosphorus (30 kg ha-1 a-1) 
Rp =returned phosphorus from waste of GBR (kg ha-1 a-1) 
c = replacement cost of nitrogen  fertiliser (€ kg-1) 
Kr=  required rate of K (155 kg ha-1 a-1) 
Rk =returned potassium from waste of GBR (kg ha-1 a-1) 
Yields used in model (Table 1 and 2 ) t DM ha-1 2/3 annual DM harvested  1/3 annual DM harvested 
1. These values based on the recommended fertiliser rates for a two cut grass/silage system (225 kg N ha-1 a-1, 30 P kg ha-1 a-1, 
145 kg K ha-1 a-1). Fertiliser costs were estimated to be €0.83, €1.56, and €1.21 for N, P, K, respectively.  
2. It was assumed that the farmer covered the contractor costs that used the plastic on the biorefinery site, as the most accurate 
costing available. 
3. Contractor refers to the agricultural contractor hired to harvest grass by farmer and deliver to GBR facility. 
4. Total costs = Σ (Roads & Fencing + Reseeding + Fertiliser costs after returned slurry + Lime + Plastic + contractor). The 
values are modified due to the change of fertiliser costs described in foot note 1. 
5. Fertiliser in scenarios refers the combined slurry of the digestate and silage effluent which is returned back to the farmer. 
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spent unloading (L) was estimated at €1.07 t-1 DM silage. (O’Keeffe et al., submitted 
b): 
 
T = Q (L + 2( ___X -2) d)    Eqn 4 
 
Transport costs for the slurry did not take the 2 km “free” zone into consideration and 
were calculated using Eqn 5, and included both loading and spreading costs (L), 
calculated to be € 16.92 t-1 DM. Distance dependent costs (d) were €0.46 t-1 DM slurry 
(c. 5% DM) transported. 
 
T = Q (L + 2( ___X ) d)               Eqn 5 
 
2.3 Economic modelling  
 
2.3.1 Profitability indicators  
 
Net present value (NPV) was used as a measurement of cash flow in the GBR system 
and as a financial indicator of viability. A positive NPV indicates a potentially positive 
cash flow (profit) for the period in question and would suggest that the project has 
economic potential. A negative NPV indicates the project to be unviable and needs to 
be modified in order to have potential. For the GBR model, the (NPV) was calculated 
over a 10-year period at a discount rate (risk factor) (ir) of 10% (O' Keeffe et al., 
submitted b). 
 
 
2.3.2 Sensitivity analysis for biomass price delivered  
 
The GBR profitability was determined as a function of biomass availability, DM 
yields and yields of desirable grass fractions. For the production system to be 
optimised there is a need to have an adequate volume of juice fraction to generate 
sufficient energy to process the fibre fraction. Therefore, a press cake content of 500-
600 kg t-1 DM (i.e. mostly fibre) and press juice content between 400 – 500 kg t-1 DM 
(i.e. the energy fractions, CP and other soluble fractions) were the desirable feedstock 
qualities predicted by this study. The potential income for farmers above their 
production costs depends on the overall GBR system’s profitability. A sensitivity 
analysis was carried out assessing the change in profitability of the biorefinery against 
the potential price that the biorefinery could offer the farmers, for each scenario. The 
price offered, above the farmers production costs was increased from the base case 
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scenario in increments of 5% up to 80% above the base price. The maximum price 
offered in the scenario was taken to be the maximum price which could be offered 
before the biorefinery NPV became <0. A separate sensitivity analysis was carried out 
to investigate the effects of decreased biomass availability on the profitability indicator 
of the biorefinery (NPV). Biomass availability was deviated from the base case 
scenario of 90%, to an availability of 70%, 50%, 30% and 10%. It was assumed that 
the biorefinery would increase the catchment area to ensure the annual 6,182 t grass 
DM required for processing was obtained. 
 
3 Results of scenario analysis  
 
3.1 Pasture type and management  
 
3.1.1 Silage pastures and nitrogen management  
 
Out of all combinations of botanical mixtures and nitrogen managements, permanent 
pasture with 60% Lp abundance and 225 kg N ha-1 a-1 resulted in the scenario with the 
largest NPV or biorefinery profitability, for both the “Prot” and “No Prot” scenarios 
(Fig. 5.3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3 Model output for permanent pasture sward scenarios. Deviation in NPV for Prot and 
No Prot blueprint scenarios plotted against changing the ratio of abundance of L. perenne to 
secondary grass species ranging from 90:10 to 60:40, for three rates of nitrogen 
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The “No Prot” scenarios always had a greater profitability than the “Prot” scenarios. 
The same abundance of Lp at the lower N rates of 45 and 90 kg N ha-1 a-1 rates was 
predicted to have the relatively better profitability in comparison to the other mixtures 
at the same nitrogen rate. The highest grass DM yields did not necessarily return the 
most profitable scenario (Fig. 5.4a); instead, this arose from the combination of 
relatively high grass yields and fraction proportions. The higher 225N rate resulted in 
grass DM yields greater than 11 t ha-1 a-1, and higher crude protein content greater than 
130 kg t-1 DM, which buffered the GBR profitability against the low fibre fractions 
predicted with the high abundance of Lp (489 - 502 kg t-1 DM) (Table 5.1). Therefore, 
this high N management resulted in profitable outcomes for all scenarios. The lower N 
rate (45N and 90N) scenario, with a high Lp abundance in the biomass, resulted in the 
least profitable scenarios (NPV< 0), due to the combination of reduced DM yields (< 9 
t DM ha-1 a-1) and lower fibre content (463 - 491 kg t-1 DM). The linear relationship 
between GBR NPV and the fraction proportion of fibre and protein are shown in Fig. 
5.4b and 5.4c. 
 
 
3.2 Implications of sensitivity analysis for on- farm scenarios 
 
3.2.1 Sensitivity of GBR price offered to farmer 
 
It was assumed that the base price offered to the farmer by the GBR was the break-
even price for their production costs. For the set of scenarios (biomass availability 
90%), at the 225N rate, farm production costs ranged from € 59 - € 62 t-1 DM for the 
“Prot” scenarios and €57- €62 for the “No Prot” 1st cut scenarios, depending on DM 
yields and biomass quality delivered to the biorefinery. The “No Prot” scenarios 
resulted in lower production costs for the farmer, because of the CP (proteinaceous) 
fraction being redirected to the digester. This resulted in a greater volume of digestate 
to be returned as fertiliser and a smaller chemical fertiliser requirement for the farmer 
to meet the nutrient management specified for each scenario. At the lowest N rate, 
45N, farm production costs of €57 - €64 and € 54 - 59 t-1 DM, for “No Prot” and 
“Prot” scenarios, respectively Table 5.6 outlines farm production costs; however, for 
more in-depth information on calculations see Appendix 2. The analysis for the second 
cut silage predicted production costs at the high N rate to be € 98 - € 100 t-1 DM and € 
94 - 95 for “Prot” and “No Prot” scenarios, respectively. At the low N rate, the costs 
increased to €114 - € 125 t-1 DM and €91 - 100, for the “No Prot” and “Prot” 
scenarios, respectively. 
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The higher costs for the second cut silage were due to the lower yields in comparison 
to the first cut. The sensitivity of the GBR profitability (NPV) to changes in the price 
offered to the farmer for both the 1st and 2nd cut silage was analysed for each scenario 
(Fig. 5.5a and 5.5b). The unit changes in the GBR NPVs (€, 000) per unit change in 
price to the farmer (€ t-1 DM) at the different N rates (taken at 75% Lp abundance) of 
225, 90, 45 kg N ha-1 a-1 rate were -37.99, -39.74, and -43.47 (€, 000), respectively. 
Fig. 5.4 Model predicted (a) DM yields (at 75% Lp content only) (t a-1), (b) fibre fraction 
and (c) crude protein fraction (kg t-1) against deviation in GBR NPV for protein and non 
protein blueprint scenarios, at three rates of nitrogen application 225, 90, 45 kg N ha-1 a-1, 
for protein and non protein blueprint scenario. 
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The GBR NPVs were less sensitive to increased prices offered to farmers for the 
second cut silage at the different N rates, with lower corresponding values of -23.58, -
21.70 and -21.33(€,000) . The trends remained similar for the “No Prot” scenarios, 
being -38.46, -39.39, -30.10 (€,000) for 1st cut and -23.35, -21.89, and -20.41 t for 2nd 
cut, for N application rates of 225, 90, 45 kg N ha-1 a-1, respectively. 
 
 
3.2.2 Reduced biomass availability – GBR  NPV vs. farmer profitability  
 
It was assumed that with reduced biomass availability, a larger catchment area was 
required to supply adequate biomass for 46 weeks of operations. Increased transport 
distances translated into increased transport costs and a reduced GBR profitability for 
all nitrogen and botanical composition combinations (Fig. 5.6). When biomass 
availability declined to 30%, the transport distances increases (the same for both 
“Prot” and “No Prot” scenarios) to 2.25 – 2.5 km, equating to 0.25 – 0.5 km above the 
“non charge zone” of 2 km. This increased biomass transport costs from zero to c. 
€2.20 - €3.15 t-1 DM transported (DM yield dependent). At a biomass availability of 
10%, transport distances increased to 3.9 - 4.3 km. This increased transport costs by c. 
€9.25 - €10.9. The transport and spreading costs for the returned digestate for the 
biorefinery ranged between €26 - €29 t-1 DM for all scenarios. The greater average 
haul distances to the biorefinery resulted in a lower price offered to farmers above 
their production costs (profit). For the scenarios at the lower N rate, this led to a 
financial loss for the farmer. Fig. 5.6 shows these trends for a sward containing 75% 
Lp, for N application rates of 45, 90, and 225 kg N ha-1 a-1. 
 
When a catchment area has 90% biomass available to be supplied to the biorefinery, 
the highest price could be offered to the farmers and hence a higher profit above their 
production costs, ranging from €21.60 t-1 DM for the scenario with 225 N and 75% Lp, 
to €9.37 for the scenario with 90N and 75 % Lp. For the 45 N rate scenarios, the 
farmers were predicted to make a loss. The “No Prot” scenarios predicted higher prices 
offered to farmers above production costs of €28.61 for the 225 kg ha-1 N and 75% Lp 
scenario, €17.25 for the 90 kg N ha-1 a-1 and 75% Lp scenario, and €11.97 for the low 
N and 75% Lp scenario. Higher N rates (with 60-75 % Lp), returned the greater 
profitability for the farmer, even when biomass availability was reduced to 30%. 
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Fig. 5.5 Deviation in biorefineries profitability (NPV, €000) plotted against increasing price 
offered to farmer above production costs of grass (a and c) 1st cut (€ t-1DM) and (b and d) 
second cut for “Prot” and “No Prot” scenarios, respectively. Graph shows change in NPV for 
Prot and No Prot blueprint scenarios plotted against changing the ratio of abundance of L. 
perenne to secondary grass species for 90:10, 75:25 and 60:40, for three rates of nitrogen 
application: 225, 90, 45 kg N ha-1 a-1. 
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4 Discussion  
 
4.1. Silage pasture type and management  
 
The botanical composition of permanent pasture depends on, inter alia, soil type, 
fertility, drainage, and management of the sward (e.g. fertilising, cutting). The 
confounding interaction between N rate and botanical composition must be considered 
when assessing the various scenario outcomes, as at high N rates (225 kg N ha-1 a-1), 
Lp could dominate the sward (Fositt, 2000; Peeters, 2004), with few or no secondary 
species. However, the sensitivity analysis aims to compensate for prediction errors by 
indicating the potential overall trends of the various biomass managements. Therefore, 
interpretations of the results should be based on these trends, rather than the absolute 
Fig. 5.6 Deviation in farmers profit above production costs plotted against average 
haul distance to the biorefinery plant (km),  for a pasture with 75% Lp content, at 
three rates of nitrogen application 225, 90, 45 kg N ha-1 a-1.  
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values. 
Overall, the higher DM yields with higher N rates resulted in GBR scenarios with 
greater profitability. The botanical models predicted higher annual DM yields with 
greater Lp abundance and high N rate (Frame, 1989; Peeters, 2004). However, the 
higher DM yields did not result in GBR scenarios with the highest profitability 
indicators, as the scenarios with a lower Lp content and greater secondary species 
content gave higher GBR profitability within each N rate. The botanical models 
predicted these swards to have the higher fibre fraction (Table 5.1). This higher fibre 
content was expected, as secondary species, such as the two examples in this study, 
Agrostis spp. and Holcus lanatus, are known to have a higher fibre content (Haggar, 
1976; Haggar et al., 1989), lower WSC and CP contents (Bruinenberg et al., 2002; 
Keating and O'Kiely, 2000a). However, it should be noted that permanent pastures 
with a high abundance of secondary grass species contributing to the biomass (>60%), 
have a lower sugar content and are less likely to ensile as well as pure Lp swards 
(Frame, 1989; Keating and O'Kiely, 2000b); therefore having a mixture with ensilable 
grasses such as Lp may be more favourable overall, but this will need further detailed 
research. For biorefineries producing fibre and protein based products, the scenario 
outputs suggest that a balance between high DM yields, fibre and protein fractions was 
required to make the system financially viable. The balance between CP proportion 
and fibre was also very important for the GBR profitability, i.e. the NPV. 
 
In the “No Prot” scenarios, the CP fraction was assumed to be added to the juice 
fraction and to be sent to an anaerobic digester to produce energy from the biogas 
generated. This energy was then used in the system for drying the fibre. The scenarios 
with low fibre and low CP content resulted in negative NPVs for the “Prot” scenarios; 
however, for the “No Prot” scenarios they had positive NPVs. In the “No Prot” 
scenarios, the energy generated by the CHP plant was greater, due to the addition of 
the entire CP fraction. The greater energy production resulted in lower production 
costs and hence the “No Prot” scenarios were predicted to be more profitable. The 
results also suggest that the “No Prot” scenarios, with greater NPV values, were more 
resilient to changes in the biorefinery system than the “Prot” scenarios. This can be 
attributed to the lower production costs of the “No Prot” system and to the higher 
value obtained for the fibre products in these scenarios.  
 
The overall outcomes of this scenario analysis suggest that grass yields in the range of 
9-12 t ha-1 of DM, with a fibre content ranging from 500-550 g kg-1 DM and a protein 
content of 110-130 g kg-1 DM result in a viable GBR system. The results also suggest 
that GBRs supplied with a biomass feedstock from permanent pasture with a relatively 
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high Lp content (greater than 60%), and high N fertilisation, were suitable to supply a 
GBR system producing fibre fraction products and/or crude protein products and using 
waste streams as a fertiliser. 
 
 
4.2. On- farm scenario results  
 
The value of the grass feedstock, over and above production costs, depends on the 
profitability of the GBR. It was assumed that the GBR system remained constant and 
operated under ideal conditions, i.e. continuous operation and profitable marketing of 
all products manufactured. The resilience of the GBR to external economic factors has 
not been assessed in this study. However, this study has illustrated the GBR’s 
resilience to variation in the supply of biomass and has shown how deviations in 
supply can affect the overall profitability of the GBR system, including the income of 
farmers supplying such a system. 
 
 
4.2.1 On-farm production costs and price offered by GBR 
 
It was assumed that the waste streams from the biorefinery processing, silage effluent 
and digestate from the CHP facility were returned as combined slurries to the fields 
harvested. The return of nutrients resulted in reduced production costs for the farmer, 
due to the nutrient replacement value of the returned slurry. It was assumed that the 
effects of returned slurry on factors such as soil pH and plant scorch were negligible. 
The higher costs for farmers to apply a high rate of fertiliser of 225 kg N ha-1 a-1 were 
compensated by increased DM yields. The scenarios with higher Lp abundance in the 
sward and lower N rates (45N and 90N) resulted in lower production costs for the 
farmer. However, the lower fibre yields associated with these swards resulted in the 
GBR of these scenarios having a lower NPV and therefore a lower price offered to the 
farmer.  
 
The quantity of returned slurry to the harvested grasslands varied between the two 
scenario systems modelled, “Prot” and “No Prot”. In the “No Prot” scenario it was 
assumed that the crude protein is diverted to the digester to generate additional 
processing energy. This resulted in an increased quantity of digestate being returned to 
the farmer and hence cheaper production costs, as the slurry reduced the requirement 
to purchase chemical fertiliser. The lower base production costs of the feedstock meant 
lower input costs for the biorefinery, combined with reduced energy costs and 
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relatively low price obtained for CP, resulted in higher NPV values for the “No Prot” 
scenarios and higher price offered to the farmer.  
 
The sensitivity analysis to assess unit changes in the GBR NPVs (€,000) per unit 
change in price to the farmer (€ t-1 DM) was carried out simultaneously for both first 
and second cuts, i.e. both prices offered for first and second cut were simultaneously 
increased by increments of 5%, above the base price applied in the model. The larger 
quantity of grass harvested in the first cut meant that the total cost for the first cut were 
higher than those for the second cut. Therefore, increasing the price for the first cut 
offered to farmers had a greater effect (steeper slope) on the biorefineries’ NPV than 
increasing the price for the second cut. 
 
 
4.2.2 Sensitivity of price offered to farmer above production costs - biomass 
availability  
 
In the original, idealised model, the biorefinery was located in a predominantly rural 
grassland area, and supplied by all farmers in the catchment area; as a result, biomass 
availability was assumed to be 90%. However, in reality, reduced biomass availability 
may impact on the profitability of the entire system and the potential price offered to 
farmers (Kromus et al., 2004). The reduced biomass availability was associated with 
greater distance-dependent costs, as the model automatically adjusts the catchment 
area size to the area needed to supply the 6,182 t DM a-1 required annually. The 
outcomes of this sensitivity analysis suggest that the profits made by farmers will 
greatly depend on biomass availability. The price differences ranged from a loss of € 4 
t-1 DM for 10% biomass availability, to a profit of € 26 - 28 t-1 DM with a biomass 
availability of 90%, depending on the scenario conditions. Therefore, it is essential for 
both the GBR and the farmers that GBRs are located in areas with a guaranteed supply 
of biomass, which requires high DM yields, distance to biorefinery and a high 
participation rate of farmers in the catchment to supply the biorefinery plant. These 
results suggest that, in order to assure a guaranteed supply of grass biomass, renting of 
land in the catchment area from the farmer may be a prudent option for the GBR. 
 
 
5 Conclusions 
 
The profitability of the GBR system had a large dependency on the DM yields of the 
grass feedstock, as well as on the yields of the grass fractions. These yields were 
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directly linked to application of N fertiliser and botanical composition. The availability 
of biomass within the immediate catchment of the GBR was crucial for the GBR 
system to be profitable. In most cases reduced biomass availability, below 30% 
resulted in a loss for both the GBR and farmer due to increased transport costs. 
The overall outcomes of this scenario analysis indicated that grass yields in the range 
of 9 - 12 t DM ha-1, with a fibre content ranging from 550 - 500 g kg-1 DM and a 
protein content of 110 - 130 g kg-1 DM, had the potential to result in a viable GBR 
system. The results of these scenarios indicated that GBRs supplied with a biomass 
feedstock from permanent pasture with an Lp content of at least 60%, with relatively 
high N fertilisation (225 kg N ha-1 a-1), was suitable to supply a GBR system 
producing fibre fraction products and crude protein products. 
Under the scenario assumptions modelled in this study, farmers could be offered in the 
range of €4 - €28 t DM-1 above their production costs, which were dependent on the 
scenario conditions analysed. However this will depend on the DM yields and biomass 
availability of the catchment area supplying the GBR.  It has also been shown in this 
study that the “No Prot” scenario, with the greater NPV indicators, appears to be more 
resilient to changes in the biorefinery system than the “Prot” scenario.  
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Table 5.1A. Silage harvest dates and mean daily weather characteristics during each growing period for field trial plots 
during 2007  and 2008 
 
Year & Harvest Dates 
 
Weather1 
 
 
Management of sites   2007 2008  
 
Radiation 
(J cm-2 day-1)  
 
Temperature  
(ºC d-1) 
 
Rainfall 
(mm d-1) 
 
SMD  
(mm) 
First cut silage        
Wexford   28th  May  1429 10.38 1.26 47.18 
  26th May 1407 9.78 2.48 8.92 
Cork  29th May  1452 10.22 1.02 32.01 
  27th May 1376 9.79 1.88 11.56 
Offally  28th May  1527 9.18 0.89 33.77 
  29th May 1502 9.22 1.20 16.78 
Roscommon  6th June  1622 10.82 1.26 31.68 
  3rd June 1543 10.33 1.32 30.49 
Monagahan  7th June  1360  9.57  1.61  20.49  
  5th June 1491  9.90  1.94  16.15  
Fermanagh  9th July  1664 11.38 2.30 12.44 
  25th June 1723 10.98 2.13 21.97 
Second cut silage       
Wexford  23rd July  1520 13.05 3.81 6.87 
  28th   July 1625 14.08 3.47 11.62 
Cork  24th  July   1521 13.14 3.65 16.50 
  30th July 1490 13.41 3.28 17.70 
Offally  25th July  1539 13.40 3.65 17.22 
  5th Aug 1480 13.88 3.38 21.99 
Roscommon 30th July  1567 14.45 3.16 13.09 
  M/D2 - - - - 
Monagahan  31st July  1421  13.91  3.90  11.71  
  6th Aug 1394  13.98  2.53  27.05  
1. Soil Moisture Deficit (SMD) = average soil moisture deficit (mm)  
2. M/D = Missing harvest data 
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Table 5.2A Logistic equations 
1Catchment area sizing   
aY
cQQA +=  
 
pi
A
x =  
A = catchment area of biorefinery (ha) 
Y= DM yields of feedstock  (t DM ha-1) 
Q = quantity of feedstock required for the 46 weeks of 
biorefinery operation (t DM a-1)   
a = biomass availability factor (%) 
c= correction factor for additional biomass required to 
compensate for system losses e.g. field losses, ensiling losses 
x = radius of circular catchment (km) 
τxX
3
2__
=  
τ = tortuosity factor - the ratio of actual distance travelled to line 
of sight distance (τ = 1.33) 
=
___
X  average haul distance between the biorefinery plant at the 
centre of a circle radius of silage fields (km) 
 
Transport costs   
2T = Q (L+2
___
X d)  
3T = Q (L + 2(
___
X -2)d)  
 
 
T = total transport costs (€ t-1 DM) 
L = unloading costs only for raw material/inc spreading for 
slurry  (€ t-1 DM) 
d = distance dependent costs (€ t-1 DM) (not considered if 
distance < 2 km) 
Vt = Tfd + Tdig  
Vt = total variable  transport costs (€ a-1) 
Tfd  = transport costs of feedstock (if distance <2 = 0 ) (€ t-1 DM)  
Tdig = transport costs of digestate (€ t-1 DM)  
 
 
1 . (Overend, 1982) 
2. (Walla and Schneeberger, 2005) 
3. Modified to account for the 2 Km free zone  
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Table 5.2B - Mass Balances 
Raw material quality (Silage )   
Btot = Σ Fi +  Fj +…. Fn  
 
Fi = BDM × α i  
Fn = BDM × α n 
Btot = total quantity of the feedstock DM (t a-1) 
 (i.e. fibre + crude protein + ash + lactic acid, etc.)   
Fi  = fraction yield of i component  (t a-1) 
Fn  = fraction yield of nth component  (t a-1) 
α
 i  =  fraction of i in feedstock (kg t-1) 
α
 n  =  fraction of n in feedstock (kg t-1) 
BDM =  DM yield of feedstock (t a-1) 
 
Press cake (before washing) 
 
PCT =  Σ PCi +  PCj +…. PCn 
 
PCi =  Bi  × Fji 
PCn = Bn × Fjn 
 
PCT = total quantity of press cake DM(t a-1) 
 (i.e. fibre + Crude protein + ash + lactic acid, etc.)   
PCi = press cake content of  i component  (t a-1) 
PCn = press cake content of  nth component  (t a-1) 
Fji =  content of desired fraction (i.e. fibre) in press cake (kg t-1) (0.95) 
Fjn = content of nth fraction impurity  left in press cake (kg t-1) 
 
Press juice  
 (before addition of washings from fibre) 
 
PJT = Σ PJi + PJj +…. PJn 
 
PJi =  Bi   ×Fki 
PJn = Bn × Fkn 
 
PJT = total quantity of press cake DM (t a-1) 
 (i.e. fibre + crude protein + ash + lactic acid, etc.)    
PJi = press juice content of  i component  (t a-1) 
PJn = press juice content of  nth component  (t a-1) 
Fki =  content of desired fraction (i.e. CP) in press juice ( kg t-1)  
Fkj = content of nth fraction impurity  left in press juice ( kg t-1) 
 
 
Product fibre 
 
Prod xT = Σ Prod xi + Prod xj +…. Prod xn 
 
Prod xi =  Bi  × Fli 
Prod xn = Bn × Fln 
  
ProdxT = total quantity of fibre product (t a-1) 
 (i.e. fibre + impurities (crude protein + ash + lactic acid, etc.)   
Prodxi = content of  i component in final fibre product  (t a-1) 
Prodxn = content of  nth component  in final fibre product (t a-1) 
Fli =  content of desired fraction (i.e. fibre) in press juice (kg t-1)  
Flj = content of nth fraction impurity  left in press juice (kg t-1) 
 
 
CP Product  
 
 
Prod ytot = Σ Prod yi + Prod yj +…. Prod yn 
 
Prod yi =  Bi  × Fqi 
Prod yn= Bn × Fqn 
 
 
ProdyT = total quantity of protein product (t a-1) 
 (i.e. crude protein + impurities (fibre + ash + lactic acid, etc.) )   
Prodyi = content of  i component in final fibre product  (t a-1) 
Prodyn = content of  nth component  in final fibre product (t a-1) 
Fqi =  content of desired fraction (i.e. fibre) in press juice (kg t-1)  
Fqn = content of nth fraction impurity  left in press juice (kg t-1) 
 
 
Stillage stream – Digester feedstock  
 
SST = Σ SSi + SSj +…..SSn 
 
 SSi = (Fi – (Prodxi + Prodyi)  
SSn =  (Fn – (Prodxj + Prodyj)  
Ss T =  total quantity of stillage stream after bio-processing  (t a-1) 
Ssi =  content of  i component remaining in stillage (t a-1) 
Ssn =  content of  nth component remaining in stillage (t a-1) 
 
 
VDS = SSi +SSj + …..SSn  VDS = volatile dry solids (t a-1) (fibre, crude protein, lactic acid and ODM, 
excluding ash)  
(ODM (organic dry matter) is a term to group compounds such as water soluble 
components e.g. sugars, VFA (butyric acid, acetic acid, propionic acid), as well 
as insoluble components fats, oils and smaller fibre fractions.
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Table 5.2B (continued) - Mass Balances 
 
Digestate - Fertiliser  
 
VDS fert =   Fdig × VDS Fdig= fraction of VDS  remaining after digestion process (0.4) 
Ash =  Fash× SSash Fash = ash fraction remaining in digestate  
  
Nutrient replacement value of slurry   
 
1Silage Effluent  
 
2936.0)(4.53767 xDMEff grass +−=     Eff = effluent production in litre per tonne herbage ensiled (l t-1) 
 
x
eff eDM
23.03.19401.0 −+=             DMeff = percent dry matter lost in the effluent 
 
Nitrogen  
 
RN= SNavail   + DigNavail RN= returned nitrogen – replacement for chemical fertiliser  
SNavail= plant available N, values from the literature suggest 2-4% of total N (see 
O’ Keeffe et al., submitted b) 
 
DigNavail = total amount of available Nitrogen from digestate annually (ta-1)  
effluentgeffN DMNS *=  
SN availT  =SeffN × EffN   
SNavil     =   SN availT  / A                                                               
  
SeffN =  nitrogen lost in the effluent dry matter (kg N m-3 effluent a-1) 
Ng = nitrogen content in grass biomass harvested 
SN availT  =  total amount of Nitrogen available annually from silage effluent (t a-1) 
Eff N = fraction of plant available N (0.3) 
A = catchment area of biorefinery (ha) 
 
CPprodfibreext CPCPCP +=  
Next = CPext /6.25 
  
CPext = CP extracted during the biorefinery process (t CP a-1)  
CPfibre= crude protein removed in the fibre fraction or presscake fraction (t CP a-1) 
CPcpprod = CP fraction removed for production of animal feed (t CP a-1) 
Next = N extracted during the biorefinery process (t N a-1) 
 
25.6
extN
N
NBDig −=                                   
  
BN = initial N content in raw feedstock (N= CP/6.25) 
DigN = nitrogen content of the digestate (t N a-1) 
(N= CP/6.25) 
 
   
NfnTavailN DigDigDig *=      
Dig Navail =  Dig NavailT /A 
 
  
Dig NavailT = total amount of  nitrogen available annually from digestate (t a-1) 
Digfn = the average from the literature was found to be ca. 72.5% of the total N 
(estimations from original model) (see O’ Keeffe et al., submitted b) 
 
 Phosphorus                                                      
Rp = SP   + DigP   
Rp =  RN= returned phosphorus – replacement for chemical fertiliser (kg ha-1 a-1) 
SP = phosphorus returned from  silage effluent (kg ha-1 a-1) 
DigP = phosphorus returned from digestate (kg ha-1 a-1) 
effluentgeffP VolPS *=              
Sp   =      Seffp /A                            
  
Seffp = annual yield of Phosphorus from silage effluent (t a-1) 
Pg = phosphorus content of silage effluent (kg m-3) 
Vol effluent = annual volume of silage effluent produced (t a-1) 
(m-3 ≈ t) 
 
DigpT = Digfp × DigVol 
Dig
 P =  DigpT /A 
  
DigpT =  annual yield of Phosphorus from digestate (t a-1) 
DigFp = phosphorus content of digestate literature value suggests 0.19 (kg m-3) 
Dig vol = annual volume of silage effluent produced (t a-1) 
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Table 5.2B (continued) - Mass Balances 
 
Potassium  
 
RK = SK   + DigK   
Rk =  RN= returned potassium – replacement for chemical fertiliser (kg ha-1 a-1)  
Sk = potassium  returned from  silage effluent (kg ha-1 a-1) DigP = potassium 
returned from digestate (kg ha-1 a-1)  
effluentgeffK VolKS *=              
SK   =      SeffK /A                            
  
SeffK = annual yield of Potassium from silage effluent (t a-1) 
Pg = potassium content of silage effluent (kg m-3) 
Vol effluent = annual volume of silage effluent produced (t a-1) 
(m-3 ~ t) 
 
 DigKT = DigfK × DigVol 
Dig
 K =  DigKT /A 
  
DigKT =  annual yield of Potassium from digestate (t a-1) 
DigFK = potassium content of digestate literature value suggests 3.08 (kg m-3) 
Digvol = annual volume of silage effluent produced (t a-1) 
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Table 5.2C Economic variables and equations  
Profitability of biorefinery All variables are € a-1 
BGp= (P-SC-CE-ISC-V)  
BGp = Biorefinery Gross profit (€ a-1) 
P = Profit (€ a-1) 
SC = Total specific costs, i.e. engineering, silos (€ a-1) 
CE= Equipment maintenance (€ a-1) 
V = Total variable costs (€ a-1) 
ISC = Indirect sales costs i.e. marketing costs  (€ a-1) 
P = Sf + Sp +Se  
P = proceeds  (€ a-1) 
Sf = sale of fibre products (€ a-1) 
Sp = sale of  crude protein products  (€ a-1) 
Se = savings made from CHP plant – energy returned (€ a-1) 
  
Variable costs   
V = Vfd + V r + Ve + Vst+Vt  
Vfd = feedstock costs (€ t-1 DM) 
Vr = variable costs of refining silage (excluding energy) 
Ve = energy deficit costs (€ kW  a-1)  
Vst = staff salaries (€ per a-1)  
Vt = transport costs (€ t-1 DM) 
V fd = Pf × Qt   
Pf = price paid to farmer (€/t DM) 
Qt = quantity of biomass processed in a year (7,000 t DM a-1) 
Ve = [EAD – Σ Er + Ep + EAdd] × € kW-1  
EAD = energy from digester (heat and electrical) (kW a-1) 
Er = energy required for fibre production (kW a-1)  
Ep = energy required for protein production (kW a-1) 
EAdd =  parasitic energy of the AD plant (kW a-1) 
Vs = Stp + Stf  
Stp = storage costs protein (t-1 DM) 
Stf = storage costs fibre (t-1 DM) 
 
Vr = Wadd 
 
Wadd = costs of additional water for processing (€ m-3) 
Cash flow   
 
PbT = (BGp- D- INT)  
 
PbT = profit before tax (€ a-1) 
D = depreciation (€ a-1) 
Int = interest on loan repayments (€ a-1) 
CF = (PaT + D – INV + SSD)  
CF = cash flow  (€ a-1) 
PaT = profit after tax (€ a-1) 
INV = investment (€ a-1) 
SSD = subsidies (government)(€ a-1) 
    )1(0 t
t
T
t ir
CFNPV
+
=∑
=
 
 
NPV = Net Present Valueir = interest rate for investment weighted by risk 
(€1) 
T = year of operation (t= 1, 2, 3…10)(T = 10) 
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Table 5.2 D - Farmers Equations 
Farmers profit   
Fp= Fd – Cg   
Fp = Farmers profit (€ t-1 DM  )   
Fd = Sale of grass to biorefinery – base costing of production (€ t-1 DM  )  
Cg = overhead costs (€ t-1 DM  ) 
Production cost   
Cg = Σ m + M + H  
 m = maintenance costs – roads fencing (€ t-1 DM  )  
M = management costs (€ t-1 DM  ) 
H = harvesting costs – contractor price (€ t-1 DM  )  
M = L + Fert   
L = cost of liming (€ t-1 DM  ) 
Fert = cost of fertilisers N , P , K (kg ha-1 a-1)  
Fert = Σ a (Nr – RN) + b(Pr-Rp) + C(Kr-Rk)  
a  = replacement cost of nitrogen  fertiliser (€ kg-1) 
Nr = required rate of N (45, 90, 225, kg ha-1 a-1) 
RN = returned nitrogen from waste of GBR (kg ha-1 a-1) 
b = replacement cost of nitrogen  fertiliser (€ kg-1) 
Pr = required rate of phosphorus (30 kg ha-1 a-1) 
Rp = returned phosphorus from waste of GBR (kg ha-1 a-1) 
C = replacement cost of Nitrogen  fertiliser (€ kg-1) 
Kr=  required rate of K (155 kg ha-1 a-1) 
Rk =returned potassium from waste of GBR (kg ha-1 a-1) 
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6 
Farmer case study scenarios to assess the effect of 
biomass availability on the profitability of the Green 
Biorefinery and impacts for the farmer  
 
 
 
 
 
 
 
 
 
  
S. M. O’Keeffe, R.P.O. Schulte, C. O Donoghue, and P.C. Struik. To be submitted 
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ABSTRACT  
In Ireland, grass is a readily available bioresource. It has previously been established 
that Green biorefinery (GBR) is a potential use of Irish grasslands, and a blueprint for 
a sustainable GBR industry in Ireland has been developed. The objective of this paper 
is to investigate the sensitivity of the GBR blueprint profitability to variations in the 
geographical constraints of total and surplus biomass availability, using a spatial 
scenario analysis of two contrasting case studies; (i) a dairy farm in the south (Farm 
A); and (ii) a beef farm in the mid-west (Farm B). As an outcome of these scenario 
analyses, the price the GBR can offer to farmers above their production costs (€ t-1 dry 
matter) was calculated. A partial budget analysis was carried out to determine the 
viability for both case study farms to supply a GBR. The results of the partial budget 
analysis for the different scenarios showed that switching to a GBR system was not a 
viable option for the dairy farmer and depending on the scenario analysed was an 
option for the beef farmer. The scenarios analysed demonstrated that providing a GBR 
with surplus grass biomass would be financially viable for both farmers. However, 
establishing a GBR in an area typical of Farm A, dominated by dairy farm systems and 
high livestock numbers, in the mid-short-term, would not be a viable option for a 
GBR, as it would have to compete for grass biomass. Establishing a GBR facility in an 
area typical of Farm B, dominated by beef farming would be an option for a GBR 
system, due to the lower livestock units, and low farm income. The results of the 
scenarios suggest that the GBR may not necessarily need to compete with beef 
production to gain an adequate supply of grass. There is also the benefit for the farmer 
for locating a GBR in such a region, as should the farmer desire to destock further, 
then they have the potential to supply a GBR. 
 
Keywords: Green biorefinery, grasslands, silage, energy, fibre, biomass 
 
 
1 Introduction  
Recent full decoupling of EU agricultural subsidy payments from production in 
Ireland is forecasted to result in substantial destocking of grassland over the coming 
decade (Styles et al., 2008) potentially generating a large surplus of grass, both in 
Europe, grass biomass could become one of the most valuable future biomass 
resources. Exploitation of grass for use as a bioenergy crop (Ceotto, 2008; Murphy and 
Power, 2006) and as a raw material for “Green biorefinery” (GBR) have been shown 
to have potential (Grass, 2004; O' Keeffe et al., 2009). Green biorefinery involves 
applying technology to chemically and physically fractionate grass and grass silage 
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(Kiel, 1998) into two streams: press cake (the solid fibre fraction) and press juice (the 
liquid fraction). O’ Keeffe et al. (submitted b) developed an Irish GBR blueprint 
model, for the production of insulation material from the press cake and the extraction 
of the proteinaceous fraction from the press juice, with a view to producing animal 
feed, or alternatively using the press juice for energy generation to reduce GBR 
processing costs. This blueprint was based on a feedstock of grass-silage from a two-
cut silage system.  
 
Subsequent scenario analysis identified three important geographical constraints, 
which determined the profitability of the GBR and hence influence the optimal 
location of a GBR. These were: 
• the availability of grass biomass in the GBR catchment area,  
• the dry matter (DM) yields of the region and,  
• indirectly, the quality of the biomass (fibre and crude protein content).  
 
For this study grass biomass availability was determined by the area under grassland in 
the GBR catchment and the number of livestock (dairy cows, beef cattle, and sheep) 
supported by the available grassland (i.e. using it as fodder). DM yields are also 
influenced by geographical location, as total annual grass DM production varies from 
approx. 15 t ha-1 in the southwest to 11 t ha-1 in the northeast in an average year 
(Brereton, 1995). One of the key factors determining grass quality is the botanical 
composition of the sward, which depends on, inter alia, soil type, fertility, drainage 
and management of the sward (i.e. cutting, grazing, fertilising) (Fositt, 2000). The 
natural and agricultural setting of the biorefinery catchment region introduces regional 
economical factors, which will influence the overall process structure (Halasz et al., 
2005). Hence, this introduces a further socio-economic constraint for the development 
of a GBR, i.e. in areas where current farming systems are profitable, supplying grass to 
a GBR may not necessarily provide any additional financial benefits to farmers 
potentially supplying a GBR.  
 
Three spatial studies have been identified as geographical data sources for determining 
the potential geographical constraints and social-economic factors which could 
influence the location of a GBR. These are: 
 
1. The CORINE 2006 data map of the Irish environmental landscape, which contains 
data on the grassland cover of a region. 
 
 2. The geographical output from the Simulation Model for the Irish Local Economy 
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(SMILE), which enables the socio-economic aspects of simulated farming enterprises 
at a local level, electoral division (ED) across Ireland to be analysed (Hynes et al., 
2006). This model can be queried to determine farm gross margins and livestock units 
of a particular region. 
 
 3. The detailed empirical analysis of the geographic of farm structures and farming 
systems by Crowley et al. (2007), synthesised into a typology of five farming zones, or 
five different farming zones within Ireland; this typology can be used as an indicator 
of potential farming type in a particular region (Fig. 6.1, refer to text below).  
 
The objectives of this paper are to assess:  
1. The extent to which the geographical constraints of total biomass availability and 
surplus biomass availability impacts on the: 
I. GBR profitability;  
II. Profitability of the farmer supplying all or surplus grass to the GBR. 
 
2. The extent to which socio-economic factors of each case study govern the 
attractiveness of GBR for both the farmer and green biorefinery operators, using 
partial budget analysis. 
 
In this paper, we subject the GBR blueprint model of O’Keeffe et al. (submitted c) to 
scenario analyses, using GIS spatial analysis of two contrasting case studies: (i) a dairy 
farm in the south of Ireland, and (ii) a beef farm in the mid-west of Ireland. 
 
 
2 Development of the base models - materials and methods 
The modelling system had five main steps (Fig. 6.2):  
 
Step 1 – Field trials/Map generation: O’Keeffe et al. (submitted a) established field 
trials sites around Ireland in the agricultural zones outlined by Crowley et al. (2007). 
The coordinates of the field trial farms were used as a proxy location for the 
biorefinery plant, in order to conduct the GIS analysis in step 3.  
 
Step 2 – A grassland map: The CORINE 2006 map was used to calculate the 
percentage grassland area per electoral division (EPA, 2007) .  
 
Step 3 – Calculation of biomass availability. The proximity buffer analysis tool in Arc 
GIS was used to generate the catchment area of the GBR (ha). The buffer layer was 
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then overlaid with the percentage grassland map, from step 2 and the initial “total 
biomass availability was calculated.  
 
 
 
 
Step 4 – Economic modelling (Fig. 6.3): The biomass availability factor calculated 
from step three was used in the GBR process model of O’Keeffe et al. (submitted, b) 
was then subjected to scenario analyses to calculate the price the GBR can offer farmer 
A and farmer B above their production costs (€ t-1 dry matter).  
 
Fig. 6.1 Agroclimatic regions outlined in Crowley et al. (2007) and the locations of 
the field trial sites and case studies A and B. 
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Step 5 – Partial budget analysis (Fig. 6.4): The maximum price which can be offered 
to the farmer above their production costs calculated in step 4 was used in a partial 
budget analysis, to determine the feasibility for both the farmer to supply all or surplus 
biomass to the GBR. A comparison was then made between businesses as usual 
scenarios and the GBR scenario predictions.  
 
 
2.1 Step 1 - Case study selection and map generation 
 
The scenario analysis in this study will focus on two of the main agricultural systems 
in Ireland, dairy and beef (Table 6.1). Crowley et al. (2007) made a detailed empirical 
analysis of the geographic of farm structures, farming systems, agricultural measures 
and the extent of part-time farming, which was synthesised into a typology of five 
farming zones, within Ireland (Fig. 6.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.2 Schematic of modelling steps. Grey boxes are to highlight the models relevant to 
each step. (Acronyms are as follows: National Farm Survey (NFS), Central Statistics Office 
(CSO)).  
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Although the geography of these zones is crude, their boundaries fluid, and 
differentiation occurs within them, they do provide a generalised synopsis of a detailed 
empirical farming geographical analysis.  
 
Therefore the main farm category (described in Fig. 6.1), of each region was used as 
the basis for the six field trial site locations described in O’Keeffe et al. (submitted a). 
The primary aim of these field trials was to assess the yields of DM, fibre and crude 
protein of grass swards on six contrasting Irish farms. The field trial data was also used 
to develop biomass supply models to predict the DM yields, fibre and crude protein 
yields of grass being supplied to a GBR.  
 
However, this case study scenario analysis will only focus on two of the field sites, 
they will now be referred to as Farm A and Farm B. Farm A is a dairy farm in the 
south of Ireland, in the region Crowley et al. (2007) described to be characterised by 
commercial and intensive agriculture (orange zone). Farm B is a beef farm (cattle 
rearing) located in a region Crowley et al. (2007) described as having is part-time and 
extensive (low stocking rates) farming types as the main agricultural characteristics. 
The coordinates of the field trial farms were used as a proxy location for the 
biorefinery plant, in order to conduct the GIS analysis in step three.  
 
2.2 Step 2 –Calculation of percentage grassland area  
The CORINE dataset 2006 was part of a Pan-European project, which used a standard 
scheme of 44 land cover types. The CLC2006 map of Ireland is a map of the Irish 
environmental landscape, based on the visual interpretation of LANDSAT TM images 
from 2006 (Cruickshank et al., 1998; EPA, 2007). The CORINE land cover types are 
divided into three levels of classification, the first level indicates the major categories 
of which there are five (artificial (manmade) surfaces, agricultural areas, forest and 
semi natural areas, wetlands and water), the second level are subclasses of level one 
and the third level defines subclass of level two (EPA, 2007) (Table 6.2). 
 
An important point to consider when using CORINE data for analysis is that some 
impurities can occur in polygons of “pure classification,” as the minimum mappable 
area is 25 hectares. For example (refer to Table 6.2), a polygon of arable land (2.1.1) 
can include scattered fields of pasture (2.3.1) (Cruickshank et al., 1998). Therefore, it 
was thought that using the CORINE pasture classification (2.1) for predicting area 
under pasture at an electoral division level (local level) would not be sufficiently 
accurate (S. Green, pers. comm.). The percentage area under grass was calculated 
instead by combining the area classes 2.3.1, 2.4.2, and 2.4.4 (Table 6.2). The summed 
area (ha) of these classes was then divided by the total area of ED, to find the fraction 
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of grassland in the ED.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3 Step 3 - Calculation of biomass availability  
 
2.3.1 Total biomass availability  
 
The size of the GBR catchment area is determined by the throughput of the biorefinery 
i.e. how much grass will be processed in the year. The GBR outlined in O Keeffe et al. 
(submitted b) had a throughput of 0.8 t  DM hour-1 and processed 6,168 t DM grass 
silage per annum, supplied by a circular catchment area of 840 ha. For their blueprint, 
O’Keeffe et al. (submitted b) assumed that the GBR was located in an area with 90% 
biomass availability, i.e. 90% of the land area was grass and all of this grass was used 
exclusively to supply the GBR. In this paper, the proximity buffer analysis tool in Arc 
GIS was used to generate a catchment area of 840 ha. The buffer layer was then 
overlaid with the percentage grassland map and the initial “total biomass availability 
factor” a (percentage of grassland in an area), was calculated as follows: 
The initial biomass availability and DM yields predicted from the NCYCLE model 
(del Prado et al., 2006) (Table 6.1) were inputted into the GBR process model. The 
model automatically adjusts the catchment area size to the area needed to supply the 
Table 6.2. Classifications of CORINE land cover types (EPA, 2007) 
 
Level 1 1 
 
Level 22 
 
Level 33 
1. Artificial surfaces    
2. Agricultural areas  2.1 Arable land 2.1.1 Non irrigated arable land  
 2.3 Pastures 2.3.1 Pastures 
 
 2.4 Heterogeneous 
agricultural areas  
2.4.1 Annual crops associated with permanent 
crops  
  2.4.2 complex cultivation patterns  
  2.4.4 land principally occupied by agriculture, 
with significant areas of natural vegetation 
3 Forest and semi natural areas  - 
4.Wetlands   
5. Water  - 
The CORINE land cover nomenclature, comprises of three levels: 
1. Indicates the major categories of which there are five (artificial (manmade) surfaces, agricultural areas, forest 
and semi natural areas, wetlands and water) 
2. The second level (15 items) is for use on scales of 1:500 000 and 1: 1 000 000; 
3. The third level (44 items) will be used for the project on a scale of 1: 100 000.  (Commission of the European 
Union, 1998), these were the classifications added in order to determine grassland coverage in an ED 
(electoral district). 
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6,181 t DM a-1 required annually. Therefore, the original buffer zone generated in the 
Arc GIS analysis was adjusted to take into account the additional area required for the 
GBR model. An iterative optimisation procedure was carried out until the output from 
the GIS analysis and GBR blueprint were equalised, ensuring a biomass supply of 
6,181 t DM a-1, to the GBR. 
 
 
 
 
 
 
 
 
 
 
2.3.2. Surplus biomass availability  
 
The Simulated Model for the Irish Local Economy (SMILE) is an object-oriented, 
spatial micro-simulation model, developed by the Rural Economy Research Centre of 
Teagasc (the Irish Agriculture and Food Development Authority). Spatial micro-
simulation provides geographic information that links micro-units with location and 
therefore allows for a regional or local approach to policy analysis (Ballas et al., 
2006). The SMILE model also contains a farm level module that creates a base farm 
population and assigns census attributes to individual farms, which can then be 
assigned to a geographically referenced area. The simulated farm dataset created by 
SMILE is constructed using a combinational optimisation technique called simulated 
annealing. The process selects a set of farms (for each ED) from the NFS that can best 
reproduce the census of Irish Agriculture small area population statistics (SAPS) tables 
of the number of farms, by size, system and soil type. For further details on the SMILE 
model refer to Hynes et al. (2009). The SMILE model attribute tables were queried to 
determine the number of livestock units per ED. The livestock units in the catchment 
areas were calculated as follows;  
 
 
 
 
 
 
GA = Grassland area (ha) (CLC, 2006) 
i = fraction of EDi contained in buffer zone 
Gi = Grassland area (ha) contained within EDi  
n = fraction of nth EDn contained in the buffer 
zone 
Gn = Grassland area (ha) contained within nth 
EDn 
a 
 
= Biomass availability (%)
 
CA = Catchment area of case study (ha) 
 
LuA, B = Total number of livestock units (Lu), sheep, 
beef cattle, dairy cows in catchment area A and B 
i = fraction of EDi contained in buffer zone 
Lui = Livestock units sheep, beef cattle, dairy cows 
in EDi 
n = fraction of nth EDn contained in buffer zone 
Lun = Livestock units sheep, beef cattle, dairy cows 
in EDi 
 
 
LuA, B = )..(∑ ++ nji nLujLuiLu     Eqn 3     
                                 
 
GA = )..(∑ ++ nji nGjGiG     Eqn.1                    
  
 
   a =   CA/GA × 100             Eqn. 2 
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The total annual feed demand (assuming fresh grass only) for the total Lu in the 
catchment area was then calculated (Table 6.3).The grass production of the catchment 
area was calculated using the predicted DM yields (t ha-1 a-1) of the NCYCLE model. 
The surplus grass was then calculated by subtracting the total annual feed demands (t 
a-1) from the total annual grass produced (t DM catchment area-1). The amount of 
surplus biomass was then divided by the catchment area to calculate the biomass 
availability factor (Table 6.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.3 Calculation of surplus biomass availability factor from GIS analysis  
       
 
 Case study A Case study B  
 
Units 
      
Dairy cattle 
   
Total number of dairy cows in catchment 158 44 cows 
Total daily requirement @ 14.50 kg/head 1 2292 640 kg DM day-1  
     
Beef cattle  
   
Total number of cattle in catchment  466 379 cows 
Total daily requirement @ 12.00 kg/head 2 5598 4546 kg DM day-1 
     
Sheep  
   
Total number of  sheep in catchment 77 136 sheep 
Total daily requirement @ 0.90 kg/head 3 73 129 kg DM day-1 
      
      
Total amount of DM required per year 2,906,599 1,939,848 kg DM a-1 
      
Average annual yields 4 11,600 10,700 kg DM ha-1  a-1 
Area under grassland  615 672 ha  
Annual grass production of area 7,131,612 7,186,156 kg DM a-1 
Total surplus grass 4,225,013 5,246,308 kg DM a-1 
Total biomass available 4,225 5,246 t DM a-1 
Total area surplus grass 364 490 ha 
Surplus biomass availability factor 0.37 0.54 - 
1. Value taken from the literature ranges  for dairy cow 10.2-17 kg DM day-1 (Fitzgerald and Murphy, 
1999; Prendiville, 2009) 
2. Value taken from the literature ranges for beef cow 9.8-12.46 kg DM day-1  (Crowley et al., 2010; 
French et al., 2003) 
3. Value taken from the literature ranges for a sheep 0.5-1.5  kg DM day-1 (Cordova et al., 1978; Murdoch, 
1964) 
4. Values taken from NCYCLE Ireland (del Prado et al., 2006) and are in Table 1. 
       Note: Figures are rounded to integers 
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2.4 Step 4 – Overview of economic assumptions and modeling considerations for 
GBR scenarios  
2.4.1. GBR economic considerations  
 
The GBR processing model consisted of quantitative conservative mass and energy 
and economic balances derived from the literature, best available data, and 
consultation with European GBR experts, biogas experts, agronomists, and biomass 
systems economists (Fig. 6.3). The capital investment costs and running costs for the 
GBR plant and CHP plant (which produced heat and electrical energy for processing 
the silage into GBR products) are outlined in O ‘Keeffe et al. (submitted b). Two 
product scenario outcomes were predicted; these were: 
o “Prot”, which has two biorefinery products: fibre for insulation 
materials and a proteinaceous product to be used in animal feed.  
o  “No Prot”, where the proteinaceous fraction is redirected to the digester 
to increase on-site energy generation and hence reduce costs of 
purchasing energy.  
 
Optimum revenue generation was assumed, and estimated at € 0.80 kg-1 for the fibre 
insulation material (Grass, 2004) and € 0.27 kg-1 for the  proteinaceous product (data 
sourced from the Irish Central Statistics Office, four years meaned data, 2005-2008), 
(externalities were not taken into account). Net present value (NPV) and the internal 
rate of return (IRR) were used as measurements of cash flow in the GBR system and 
financial indicators.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 6.3 Flow diagram of the GBR model  
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For the GBR model, the NPV was calculated over a 10-year period at a discount rate 
(ir) of 10% (O 'Keeffe et al., submitted b).  
 
 
2.4.2 Farmer considerations  
 
A positive NPV indicates a potentially positive cash flow (profit) for the period in 
question and would suggest that the project has economic potential. A negative NPV 
indicates the project to be unviable. The ir value (interest rate or discount rate) reflects 
the risk associated with the investment, which determines the cost of buying the capital 
needed for an investment. If the IRR is greater than the ir value then the project can be 
considered.  
 
The farmers’ overhead costs for producing the grass included the cost of the field 
maintenance (roads, fences), management (fertiliser, lime) and harvesting (contractor 
labour and plastic for ensiling) (Table 6.4). It was assumed that the farmers followed 
standard fertiliser rate recommendations for grassland cut twice for silage, i.e. 225 kg 
nitrogen (N) ha-1 a-1, 30 kg phosphorus (P) ha-1 a-1, 155 kg potassium (K) ha-1 a-1 
(Coulter and Lalor, 2008). It was assumed that the waste streams from the biorefinery 
processing (silage effluent and digestate from the anaerobic digester) were returned as 
slurries to the fields harvested, thereby reducing fertiliser costs for the farmer. The 
transport costs for the returned “slurry” were assumed to be paid by the biorefinery as 
part of a waste management scheme. Under these scenario conditions, it was assumed 
the contractors, hired by the farmer to harvest the grass, delivered the fresh grass to the 
biorefinery, and that the grass was ensiled on site to ensure controlled and uniform 
ensiling conditions. The price paid to the farmer in the GBR model was assumed to be 
the break-even price for grass production i.e. the biorefinery only covered the cost of 
grass production, the farmer made no profit.  
 
 
2.4.3 Transport considerations  
 
Transport costs were calculated for both the transport of feedstock material and slurry 
returned. The average haul distance to the biorefinery was calculated using a tortuosity 
factor of 1.33 (Table 6.5). In the original model, transport costs per tonne of grass 
harvested were estimated from consultation with silage experts and contractors. For 
more details on transport cost calculations, refer to O’Keeffe et al. (submitted b). 
 
Chapter 6   
 
138 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.4. Estimated base costs for raw material – grass/silage production from Teagasc (Irish Agricultural and 
Food Development Authority) 2008 and modified costs generated in each case study from the GBR model  
 
1st cut silage € 2nd cut silage € 
 
Prices quoted by Teagasc   
Roads and fencing  43 34 
Reseeding  20 16 
Fertiliser 1 A280.1 207.4 
Lime 20 16 
Plastic 15 12 
Contractor € ha-1 247 227 
€ ha-1 (original Teagasc estimate)2 625 438 
 
Modified prices calculated output of GBR Model 
  
 
Cost of fertiliser deficits  after digestate application   
 
Case study A  
  
Fertiliser costs after returned slurry3 € ha-1 – total availability  
A159 
(129)4 
99 
(89) 
Fertiliser costs after returned slurry  € ha-1– surplus availability 
A212 
(196) 
117 
(109) 
 
Case study B  
  
Fertiliser costs after returned slurry € ha-1 – total availability  
A164 
(134) 
100 
(85) 
Fertiliser costs after returned slurry   € ha-1– surplus availability 
A197 
(175) 
112 
(101) 
 
 
5Total costs used for estimating biomass price    
 
Case study A   
Total cost of biomass € t-1 – total availability 
B65 
(62) 
102 
(98) 
Total cost of biomass € t-1 – surplus availability 
B72 
(70) 
107 
(105) 
 
Yields used in model6 tonnes/DM ha (NCYCLE Annual yields = 11.6 t 
DM) 7.7 4.4 
 
Case study B  
  
Total cost of biomass € t-1 – total availability 
B
 72 
(68) 
111 
(107) 
Total cost of biomass € t-1 – surplus availability 
B
 77 
(73) 
115 
 (112) 
 
Yields used in model6 tonnes/DM ha (NCYCLE Annual yields = 10.7 t 
DM) 7.1 3.6 
1. These values are based on the recommended fertiliser rates for a two cut grass/silage system (225 kg N ha-1 a-1, 30 kg P 
ha-1 a-1, 145 kg K ha-1 a-1). Fertiliser costs were at time of writing determined to be €0.83, €1.56, €1.21.(pers comm. S. 
Lalor) 
2. The values are modified due to the change of fertiliser costs described in foot note 1.  
3. Slurry refers to the combined slurry of the digestate and silage effluent which is returned back to the farmer. 
4. Values in parenthesis for modified prices in model, refer to the estimated prices for the “No prot” scenarios 
5.Total costs = Σ (Roads & Fencing + Reseeding + Fertiliser costs after returned slurry + Lime + Plastic + contractor ) 
6. Yields predicted from NCYCLE model, the annual yields were estimated to be proportioned into 2/3 for 1st cut and 1/3 
for 2nd cut 
A Fertiliser costs outlined in  the Teagasc production costs are replaced n the GBR models by those values indicated with 
A 
B These values are  the base price offered to the farmer by the GBR and are used in the sensitivity analysis to calculate the 
maximum price which could be offered to the farmer above their production costs  
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2.4.4 Biomass assumptions  
 
O’Keeffe et al. (submitted c) determined that grass quality (fibre and protein content), 
is an important parameter to assess the potential monetary value of the grass per tonne  
DM delivered. High quality swards (Molinio-Arrhenatheretea; association Lolio-
Cynosuretum) usually dominated by the grass species Lolium perenne are associated 
with highly fertile soils, found in areas of the east, south and southeast (counties Cork, 
Waterford, Wexford, Wicklow, Meath and Kildare). Moderate quality swards 
(Molinio-Arrhenatheretea; association Centaureo-Cynosuretum) associated with 
Lolium perenne, but also secondary grass species such as Poa spp., Holcus lanatus and  
Agrostis spp. are more widespread throughout the country, making up two thirds of the 
grasslands of Ireland (O' Mara, 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The sward type of Farm A and Farm B are outlined in Table 6.1, Farm A sward type is 
a high quality sward; Farm B sward type is classed as a moderate quality sward. Grass 
quality prediction models outlined in O’Keeffe et al. (submitted a) were developed 
using the combined effects of: botanical composition, phenological growth stage at 
time of cutting, nitrogen fertiliser rate and weather, to determine potential grass quality 
under a two cut silage system. The feedstock quality used for this analysis was derived 
in O’ Keeffe et al. (submitted c). 
 
A sensitivity analysis was carried out to examine the impact of biomass quality on the 
GBR profitability and hence the price paid to farmers. An additional sensitivity 
analysis was carried out to investigate how changing the botanical composition from 
that predicted for the individual case study would affect the GBRs profitability. This 
 Table 6.5. Transport distances and costs for each scenario analysis of Farm A and Farm B.  
 
 Farm A 
1Total 
Farm A 
2Surplus 
Farm B 
Total 
Farm B 
Surplus 
Radius (km) 1.72 2.29 1.70 2.0 
3Average distance (km) 1.52 2.04 1.51 1.78 
4Transport costs -grass (€ km-1) 0 1.23 0 0 
1. Total refers to scenario where total grassland in catchment supplied to GBR. 
2. Surplus refers to scenario where surplus only grassland biomass supplied. 
3. Average haul distance was calculated using the following eqn. τxX
3
2__
= , where x is the radius of the catchment area and 
τ (tortuosity factor) was taken as 1.33 
4. Transport costs or distance dependence costs are calculated € per km of DM transported 
Note:  “Prot” and “No prot” scenarios are the same 
Chapter 6   
 
140 
was done by analysing Farm A with the quality parameters determined for Farm B and 
vice versa, however, the original DM yields predicted by the. NCYCLE Ireland model 
were maintained, as these DM estimates were specific to the region of the particular 
farm sites (del Prado et al., 2006). 
 
 
2.4.5 GBR inputs and sensitivity analysis for famer’s profit above production costs 
 
The final total biomass availability factors, DM yields (Tables 6.1 and 6.3) and silage 
quality (refer to O’ Keeffe et al. (submitted c), were inputted into the GBR model 
(silage system losses c. 20%), to determine the potential profitability of the GBR. The 
same procedure was repeated with the surplus biomass availability factors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A sensitivity analysis was then carried out for all scenarios to assess the change in 
profitability of the biorefinery against the potential price that the biorefinery could 
offer the farmers. The price offered above the farmers’ production costs was increased 
from the base case scenario in increments of 5% above the base price (Table 6.4), until 
the GBR showed an NPV < 0. The maximum price offered to the farmer for each case 
study scenario was taken to be the maximum price, which could be offered before the 
biorefinery NPV became < 0. 
Table 6.6. Calculation of “Reduced costs” on a per ha basis, which have been defined as farm labour 
costs for the farmer under BAU scenario conditions (Dairy /Beef) 
 
Dairy  Beef  units 
1Labour units  1.43 1.06  
Total hours worked 2574 1908 hrs a-1 
2Minimum wage for agricultural worker  9.33 9.33 €hr-1 
Total labour costs for farmer 24015 17802 €a-1 
Labour costs per ha  5003 4944 €ha-1a-1 
1. Labour units: one labour unit is defined as at least 1800 hours worked on the farm by a person 
over 18 years of age (NFS 2009).  
2. Value taken from (Agricultural Workers Joint Labour Committee, 2010) 
3. Labour costs for dairy farmer of farm size category 48 ha (SMILE output) 
4. Labour costs for beef cattle rearing farmer of farm size category 36 ha (SMILE output) 
Note: Values rounded to integers 
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2.5. Step 5 – Partial budget analysis - Comparison of GBR with current 
farming systems 
Partial budget analysis is an economic decision framework which allows for a cost-
benefit analysis to be carried out comparing between businesses as usual (BAU) 
farming operations and proposed new operations such as the GBR (Fig. 6.4). A 
positive value indicates adopting the suggested changes to the farming system has a 
benefit, a negative value indicates a loss and the business as usual scenario is better 
(O’ Brien et al., 2010). The additional income was considered to be the profit the 
farmer would make above production costs (outlined in section 2.4.2) in selling all or 
surplus grass to the GBR. For the scenarios where the farmer supplies total biomass to 
the GBR, reduced costs (Table 6.6) were considered to be the reduction in farmer 
labour costs from the business as usual scenario (i.e. labour costs for dairy and beef 
systems), due to the removal of livestock from the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the scenarios where the farmer is only supplying the GBR, the additional costs 
were considered farmer’s labour costs only, assumed for fertilising the grass pastures. 
However, to keep calculations simple, a proxy calculation was made using the 
agricultural contractor costs, outlined in Teagasc farm management book (2008), 
which were determined as Euro per kilogram of fertiliser applied, Table 6.7, in this 
Fig. 6.4 Schematic of Partial Budget Analysis Framework for GBR and Business As 
Usual (BAU). (adapted from O’Brien et al.(2010). 
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way there was no need for machinery cost estimates. It was assumed an agricultural 
contractor will harvest the grass in both scenarios and therefore, grass harvesting was 
not considered a labour cost of the farmer in these scenarios.  
 
The SMILE model was used to determine the average farm size and farm gross 
margins (GM) (reduced income) margins in the catchment area (Table 6.1). Therefore, 
knowing the average farm size and the gross margins enabled the calculation of the 
farmer’s gross margins per hectare to be calculated. The cost-benefit analysis was 
carried out in this study on a per hectare basis, as this was the common denominator 
unit for the calculations made for all levels (national, regional, farm). At the regional 
level, the percentage grassland area and ED areas were determined on a hectare basis. 
The DM yields determined by the NCYCLE Ireland model for the two regions were 
predicted as tonnes of dry matter per hectare. The GBR calculated the price paid to 
farmers above their production costs per tonne of dry matter supplied. Therefore 
assuming the farmers provided at minimum, one hectare unit of grass to the GBR, the 
cost per hectare for production and harvested could be calculated, as well as the profit, 
using the DM yields from the NCYCLE model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.7 Calculation of “additional costs” on a per ha basis, which have been defined as farm 
labour costs for the farmer under the GBR scenario conditions. Labour costs were assumed to 
be for fertilizing the grassland only. 
Total fertilizer product required Costs  Units  
2CAN  818  
30-7-30  429  
Total wt. of fertilizer required  1247 kg of fertiliser ha-1 
4Contractor cost @ €28 tonne-1 34.92 € ha-1 
1. Costs were calculated using agricultural contractor price as a proxy, for farmer labour 
costs related to fertiliser spreading and harvesting.  
2. CAN ; Calcium Ammonium Nitrate (225 N kg ha-1  = 818 kg ha-1 of CAN) 
3. 0-7-30; refers to the ratio of combined fertilizers, Nitrogen:Phosphorous:Potassium  
4. Contractor the agricultural specialist with farm equipment costing outlined in Teagasc 
data for farm management planning calculated contractor costs per tonne of fertiliser 
used, calculated in this table to € ha-1 
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3. Results  
 
3.1. Geographical constraints  
 
3.1.1 GBR profitability- case study effects  
 
All scenarios analysed had positive NPVs and IRR values above 10%, regardless of 
biomass availability, DM yields or biomass quality (Table 6.8). For the total biomass 
availability scenarios, Farm A had the lower biomass availability factor, 0.67, 
compared to 0.73 for Farm B. The higher area under grassland and higher fibre content 
predicted for the biomass composition of Farm B (L. perenne, c. 75%), compensated 
for the lower DM yields; this resulted in the GBR scenarios for Farm B to be more 
profitable than Farm A scenarios. Identical trends were observed for the surplus 
biomass scenarios. Farm B had the lower livestock units and higher total grassland 
availability and therefore, had the substantially higher NPV values (Table 6.8). Farm 
A surplus biomass scenarios, although having the substantially lower a, compared with 
Farm B, were still profitable (NPV > 0). 
 
The sensitivity analysis investigating the effects of grass quality on the scenario 
outcomes, demonstrated that for Farm A the combination of high DM yields and 
increased fibre content would have resulted in Farm A scenarios to have significantly 
greater profitability then the Farm B scenarios. The lower DM yields combined with 
the alternatively low fibre content would have reduced the NPV of the Farm B 
scenarios substantially from the original predicted outcomes. For all scenarios, the “No 
Prot” scenarios predicted the greatest profitability for all cases (Tables 6.8 and 6.9). 
 
 
3.1.2 Scenario outcomes for farmer’s profitability  
 
There was relatively little difference between the base grass production costs of Farm 
A and Farm B (Table 6.4). However, there was a noticeable difference between the 
surplus biomass scenarios and total biomass scenarios. The lower base price offered in 
the Farm A scenarios can be attributed to the greater volume of returned “slurry” in 
these scenarios, resulting in a lower base production price, due to the lower costs of 
fertiliser. However, the price, which could be paid to the farmer above the base 
production costs, varied substantially depending on the profitability of the GBR 
scenario (Fig. 6.5). Therefore, as the GBR scenarios for Farm B had greater 
profitability than the GBR for Farm A, Farmer B received a higher price for grass than  
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Table 6.8. Details of  input and GBR output and profitability per hectare supplied to the GBR  (t DM ha-1 harvested) 
 Scenario A Scenario B 
 
1Total  2Surplus  Total  Surplus 
3DM yields of area ( t DM ha-1)  11.7 11.7 10.7 10.7 
4DM harvested  (t DM ha-1 harvested) 
  
(i.e. Biomass availability factor × DM yields of area)  
 
7.75 4.59 7.9 5.68 
 
5Input into biorefinery process  
    
Silage yields (Recovery)  6.68 3.96 6.8 4.90 
Fibre  3.71 2.20 3.94 2.84 
CP  0.83 0.49 0.85 0.61 
6ODM  1.27 0.75 1.12 0.81 
     
GBR outputs     
7Fibre product 4.33 2.56 4.57 3.29 
Crude protein  0.37 0.22 0.38 0.27 
 
8Biogas generation in CHP  
    
VS t ha-1 a -1 1.43 
(1.74) 
0.85 
(1.03) 
1.3 
(1.62) 
0.94 
(1.16) 
CH4 – methane from CHP plant (m3 ha-1 harvested) 420 
(512) 
249 
(303) 
382 
(479) 
248 
(342) 
     
Costs and revenues     
Energy deficit costs 383 
(247) 
227 
(146) 
436 
(269) 
313 
(194) 
Total  proceeds  3983 
(3980) 
2360 
(2357) 
4138 
(4136) 
2978 
(2975) 
Total production costs  1942 
(1824) 
1176 
(1113) 
2060 
(1911) 
1505 
(1404) 
Gross profit  2041 
9(2155) 
1183 
(1244) 
2079 
(2224) 
1473 
(1571) 
     
10Financial indicators      
 NPV (€, 000) 415.5 
(556.6) 
232.3 
(323.2) 
565.4 
(819.1) 
434.72 
 (650) 
IRR 11.55 
(11.99) 
10.87 
(11.16) 
12.14 
(12.95) 
11.65 
(12.36) 
1. Total refers to scenario where total grassland in catchment supplied to GBR. 
2. Surplus refers to scenario where surplus only grassland biomass was supplied to the GBR, after fodder requirements met. 
3. DM yields of region predicted by NCYCLE Ireland 
4. DM yields from catchment area harvested, yields per ha decline due to biomass availability factor; Farm A 0.69, 0.39, 
Farm B 0.74. 0.54, for total and surplus scenarios respectively. 
5. Silage yields in general system losses, field losses (3%), in silo losses (3%) , feed out losses (7.5%) recovery rate of 
silage  calculated to be approx 86%. 
6. ODM , organic dry matter is a term to group compounds such as water soluble components e.g. sugars, VFA (lactic acid, 
butyric acid, acetic acid, propionic acid), as well as insoluble components fats, oils and smaller fibre fractions. Indicates 
the potential for biogas production and hence energy generation. 
7. Fibre product contained other fraction components also, for detail on composition refer to (O’Keeffe et al, submitted b). 
8. Biogas generation required to produce heat and electrical energy for process operations in the GBR facility, VS (Volatile 
solids e.g. small organic fractions) the substrate used to produce energy. Assumed rate of destruction 60%, Biogas 
generation 0.89 m3 kg-1 VS , methane content of biogas assumed 55% (O’Keeffe et al., submitted b) 
9. Values in parenthesis refer to the estimated prices for the “No Prot” scenarios. 
10. Financial indicators NPV (Net Present Value) estimated over 10 year period at ir of 10%. NPV >0 project can be 
considered.  If IRR, (Internal rate of return) is greater then the risk factor (ir = 10), then the project can be considered.  
    Case studies   
 
145 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Farmer A. For Farm A scenarios there was relatively little difference between the 
“Prot” and “No Prot” scenarios outcomes, (Table 6.10 ) for Farm B scenarios the 
difference was much greater. The difference in price offered to farmers, between 
surplus and total biomass scenarios were substantially larger for Farm A than for Farm 
B. Table 6.10 outlines the prices offered to the farmers above their base costs for the 
different scenarios. 
 
3.2 Socio-economic factors 
The partial budget analysis for Farm A or the dairy farmer in the South, predicted 
substantial losses for both “ Prot” and “No Prot” scenarios, if the farmer opted to 
switch to a GBR system (total biomass scenarios) (Table 6.11).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.9. Outcome of biomass quality sensitivity analysis (i.e. scenarios where biomass quality of 
Farm A is used in the modelling for Farm B and vice versa)  
 
 
1AT 
 
AS 
 
BT 
 
BS 
2NPV 791.1 
(1006)3 
618.7 
(784.2) 
217.6 
(371.6) 
78.48 
(194.4) 
3IRR 12.97 
(13.61) 
12.34 
(12.83) 
10.81 
(11.33) 
10.3 
(10.70) 
     
1. Scenarios: AT = Farm A total biomass supplied, AS = Farm A, surplus biomass supplied. BT =Farm B total 
biomass supplied, BS = Farm B surplus biomass supplied only. Prot = GBR scenarios with protein and fibre as 
products. No Prot  = GBR scenarios with fibre products only  
2. Financial indicators Net Present Value estimated over 10 year period at interest rate of 10%.). NPV >0 = 
profitable 
3. Internal rate of return (IRR. The greater the IRR is above 10, then the better the profitability of the scenario 
system modelled 
4. Values in parenthesis for modified prices in model, refer to the estimated prices for the “No Prot” scenarios 
 
 
Table 6.10. Price offered to farmers above production costs – Gross margins for farmers for 
GBR scenarios. Prices in € t-1 DM 
 
 
2Prot  2No Prot 
1Scenarios   31st cut  32nd cut 3Annual  1st cut  2nd cut Annual 
AT 9.88 15.36 25.24 9.29 14.79 24.08 
AS 3.62 5.34 8.95 7.00 10.45 17.45 
BT 14.43 22.28 36.71 20.35 32.15 52.50 
BS 11.51 17.18 28.69 14.73 22.30 37.03 
1. Scenarios: AT = Farm A, total biomass supplied; AS = Famr A, surplus biomass supplied; BT = Farm B, 
total biomass supplied; BS = Farm B, surplus biomass supplied only.  
2. Prot = GBR scenarios with protein and fibre as products. No Prot  = GBR scenarios with fibre products 
only.  
3. 1st cut refers to price paid for first cut grass taken in May/June.  2nd cut refers to the price paid per t DM 
second cut silage taken 6-9 weeks after 1st cut at end of July/August period. Annual refers to the total price 
paid t-1 DM for grass biomass from the two annual harvests.  
4. Scenario which production costs of grass broke even with price offered.  
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The partial budget analysis for Farm B “Prot” scenario showed a marginally better 
profit than BAU; however, the “No Prot Scenario” showed a benefit of switching to 
GBR than the BAU of cattle rearing (Table 6.11). The surplus biomass scenarios had 
the financially better outcomes and presented the more viable option for both case 
studies. Farm B had the significantly larger benefit per ha for both the “Prot” and “No 
Prot” scenarios. The sensitivity analysis testing the effects of botanical composition 
and biomass quality resulted however, in the Farm A “No Prot” scenario to have a 
marginally better profit than the BAU scenario, however in general even with 
increased fibre content, the dairying systems in the south appear to be the more viable 
option, than supplying a GBR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.5 Deviation in biorefineries profitability plotted against increasing price offered to 
farmer above production costs of grass for first cut silage (€ t-1 DM). a) “Prot” scenarios; b) 
“No Prot” scenarios and second cut silage; c) “Prot” scenarios; d) “No Prot” scenarios. Graph 
shows change in NPV for Prot and No Prot blueprint scenarios plotted for each scenario.  AT 
= case study A total biomass supplied; AS = case study A, surplus biomass supplied; BT = 
case study B, total biomass supplied; BS = case study B, surplus biomass supplied only. 
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4 Discussion  
 
4.1 Geographical constraints  
4.1.1 GBR profitability  
Biomass availability is case study specific and will vary dramatically between 
any multitudes of case studies all over the country. It must also be noted that biomass 
availability was calculated based on the assumption that grass biomass not conusmed 
by livestock was delivered to the GBR, therefore this study presents idealised biomass 
availabilty conditions. The lower surplus biomass associated with the Farm A in the 
South of the country was not surprising. Farming activities in the Southern areas are 
considered more intensive in nature than other more extensively run farming 
enterprises in the West and Northwest of the country (Hynes et al., 2009).  
 
Another important consideration when assessing these scenario outcomes is the 
model’s sensitivity to revenues generated from the fibre fraction products, as the 
largest bulk of the grass biomass consists of fibre. Therefore, the model will be more 
sensitive to the grass fibre content rather than the grass protein content predicted for 
the biomass supplied in the different farm case studies. Due to this limitation of the 
model, sensitivity analyses were conducted to investigate the potential effects of grass 
quality on the profitability outcome for each case study scenario. O’Keeffe et al. 
(submitted c) determined that DM yields greater than 9 t ha-1 a-1 and a biomass 
availability greater than 30% were required for a profitable GBR system. For all case 
study scenarios, the basic requirements for biomass availability and DM yields were 
met, and this enabled the sensitivity analyses to show that it is the quality of the 
biomass, which will determine the level of profitability for the system. High DM 
yields and fibre content can buffer the GBR profitability against lower biomass 
availability. Similarly, if the catchment area has a high biomass availability and 
biomass with a high fibre content (> 500 g kg-1), relatively lower DM yields will not 
necessarily impede the financial viability of the GBR. However, a combination of low 
DM yields and low fibre contents will reduce the profitability of the GBR 
substantially.  
 
The outcome of this analysis suggests that biomass availability and DM yields, while 
crucial, are not necessarily the most important factor to be considered when 
identifying potential locations for a GBR. Biomass quality also needs to be an 
important consideration when identifying potential locations. For example, GBR’s 
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interested in producing products from the juice fraction (protein, biogas), would be 
looking for high quality swards that are normally associated, albeit not exclusively, 
with the highly fertile soils of the south (O' Mara, 2008). The fibre content of the grass 
was the grass quality of interest in the GBR scenarios in this paper. Therefore, 
moderate quality swards (Molinio-Arrhenatheretea; association Centaureo-
Cynosuretum) produced the most profitable scenario outcomes, due to the higher fibre 
fraction associated with secondary grass species found in these swards such as 
Agrostis spp. and Holcus lanatus (Haggar, 1976; Haggar et al., 1989).  
 
 
4.1.2 Price offered to farmer above production costs. 
 
In the GBR “No Prot” scenarios, the entire juice and waste streams were sent to an 
anaerobic digester (AD), in the “Prot” scenarios it was the waste stream only. AD is a 
process, which converts, using microorganisms, the volatile components (e.g. sugars, 
volatile fatty acids, proteins) of the juice/waste streams into biogas, which was used in 
a combined heat and power plant (CHP) to generate most of the heat and electrical 
energy required to process the silage feedstock. Another output of this process was the 
generation of digestate (high nutrient slurry); this was assumed to be used as a 
fertiliser on the farms supplying the GBR, resulting in reduced fertiliser costs for the 
farmer. The greater the amount of press juice going to the digester, the greater the 
volume of fertiliser returned to the farmer, hence a greater cost saving and lower grass 
production costs. L. perenne is favoured for livestock systems, due to its high nutrient 
value (Peeters, 2004), or higher digestible cell content, which to some extent can be 
compared with the press juice of a GBR. Pasture with a high L. perenne content is 
commonly associated with the intensive farm management practices of dairy farming 
systems in Ireland, as was the case with Farm A presented here. Therefore the 
scenarios for Farm A with the greater L. perenne content in the sward had the greater 
press juice content, resulting in these scenarios to have the lower grass production 
costs. However overall, the maximum price offered to the farmer was dependent on 
the GBR profitability, which was dependent on the combination of factors, DM yields, 
biomass availability, or biomass quality.  
 
 
4.2 Socio- economic scenario outcomes – GBR potential for case studies now or in 
the future?  
 
The case study approach was taken to reflect the predominant agricultural systems in 
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the zones defined by Crowley et al. (2007), and due to the specificity of the case 
studies geographical locations, they do not represent every possible example of the 
associated agricultural zones or farm systems. Although the individual spatial data sets 
have been tested and proven adequate for predictability (EPA, 2007; Hynes et al., 
2006), an important consideration when assessing the scenario outcomes, is the 
potential spatial errors associated with combining the various spatial data sets, 
CORINE, SMILE, Crowley et al. (2007) with the models of O’Keeffe et al. (submitted 
a, b). However, despite the limitations of these scenarios, they still provide valuable 
insight into future considerations for the establishment of a GBR facility.  
. 
 
4.2.1. Farm A – Dairy farmer in the south  
 
The results of the partial budget analysis for the majority of scenarios showed that 
switching to a GBR system was not a viable option for the dairy farmer. The scenarios 
analysed demonstrated that providing a GBR with surplus grass biomass would be 
financially viable for the diary farmer. However, establishing a GBR in an area typical 
of Farm A, dominated by dairy farm systems and high livestock numbers, in the mid-
short-term, would not be a viable option for a GBR, as it would have to compete for 
grass biomass, with the most profitable and well established farming systems in 
Ireland, dairy farming (Dillion et al., 2008). The predicted increase in dairy cows, due 
to the abolishment of the milk quota by 2015, would mean a greater demand for grass 
biomass. This could result in an even lower biomass available (< 30%) for the GBR, 
making it unprofitable for both the GBR and farmer. 
 
 
4.2.2. Case study B – Beef farmer in the mid-west 
 
The results of the partial budget for the beef farmer, show that under these scenario 
conditions it was profitable for the beef farmer to supply grass to a GBR, as it was 
marginally better than the business as usual scenario for the “Prot” and profitable for 
the “No Prot”. This is not surprising as in general extensive beef farming systems are 
one of the least profitable agricultural systems in Ireland (Connolly et al., 2009). The 
greater surplus biomass was also not surprising as Farm B was located in a 
predominantly beef farming zone in the mid-west.  
The effects of CAP reforms on livestock numbers within a region will be a very 
important factor for GBR locations. A study by Shrestha et al. (2007) predicted that 
beef production in Ireland is likely to decline and that beef farms in the Border and 
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Midland regions are likely to reduce cattle numbers by up to 66%. They also predicted 
that beef farmers in the mid-west and west may completely destock their beef animals 
and that the beef grassland may not be used for other farm activity and therefore be 
available for alternative uses. Although destocking has occurred in this region, it has 
not been to the extent that was predicted (C. O’Donoghue, pers. comm.).  
 
However, the scenarios predicted in this study under optimized conditions indicated 
that for Farm B, the beef farm there was no need to change farm practices or destock 
any further, as the GBR system was already viable for both the farmer and the GBR, 
even under surplus grass supply, provided the biomass availability, was greater than 
30%. This could potentially mean that the GBR does not necessarily need to compete 
with beef production. However if the farmer desired to destock further, then they have 
the potential to supply a GBR. Therefore, the results of these scenarios suggest that 
areas which support a high density of beef farmers, such as the mid-west, which have 
experienced declining livestock numbers, could be a viable location. 
 
 
5 Conclusions  
Within the scenario assumptions adopted in this study, the outcomes suggest that:  
 
1) Biomass availability and DM yields, while crucial, are not necessarily the most 
important factors to be considered when identifying potential locations for a 
GBR. Biomass quality is an important consideration when identify potential 
locations. 
 
2) The results of the partial budget analysis for the different scenarios showed that 
switching to a GBR system was not a viable option for the dairy farmer. 
Establishing a GBR in an area typical of Farm A, dominated by dairy farm 
systems and high livestock numbers, in the mid-short-term, would not be a 
viable option for a GBR, as it would have to compete for grass biomass.  
 
3) The results of the partial budget indicated that for Farm B, the beef farmer, 
there was no need to change farm practices or destock any further, as the GBR 
system was already viable for both the farmer and the GBR, even under surplus 
grass supply, provided the biomass availability is greater than 30%. If the 
farmer desired to destock further, then they have the potential to supply a GBR. 
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General discussion: 
Green Biorefinery for an Alternative use of Irish 
grassland: SWOT analysis  
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1 Introduction  
Approximately 61% of the total land mass of the Republic of Ireland is devoted to 
agriculture (4.3 million ha), around 90% of which (3.8 million ha) is devoted to 
grassland farming (O' Mara, 2008). Dairy and beef systems dominate grassland 
farming systems in Ireland, as grass is the cheapest feed available (O' Riordan et al., 
1998). However, these production systems are experiencing increasing environmental 
and social pressures. Subsidy reforms of the Common Agricultural Policy (CAP) 
(removal of EU subsidies from production) coupled with the Nitrates Directive 
(91/676/EEC), has led to declining livestock numbers and a potential surplus of 
grassland biomass. These negative pressures, low family farm incomes.(Connolly et 
al., 2009; Teagasc, 2009), and the positive incentives of the EU Biofuel Directive 
(2003/30/EEC), which promotes a “biobased economy”, has stimulated interest into 
the alternative uses of their grasslands (EU Commission, 2010). One such alternative 
use is “Green biorefinery” (GBR). 
 
 
1.1 Green biorefinery  
The Green biorefinery concept is the utilisation of green biomass (grass/silage) as raw 
material for the production of biobased products like protein, lactic acid, fibre and 
energy (via biogas) (Kromus et al., 2004). Refining technologies (e.g. acid hydrolysis, 
fiberising, centrifuging) are applied to the green biomass to physically and chemically 
fractionated into two streams, press cake (the solid fibre fraction), and press juice 
(liquid fraction). The press juice is of particular interest as high value biochemicals, or 
substitutes for petroleum-based products could be essentially extracted. These include 
lactic acid, which can be used as a building block for plastic production in the form of 
polylactic acid (PLA). Proteins and amino acids (depending on feedstock) can also be 
extracted to use for applications such as animal feed or higher value products such as 
additives for the cosmetic industry. Technologies for extracting these high value 
compounds are still being developed (Kromus et al., 2004; Mandel, 2010; O' Keeffe et 
al., 2009). The grass fibre fraction can be utilised for products such as building 
materials (Kromus et al., 2004). The residual grass slurries or ‘side streams’ remaining 
after processing the green biomass, can then be fed into an anaerobic digester (AD) to 
produce biomethane gas, and which can be used in electricity and heat generation 
(Grass, 2004).  
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1.2 Green biorefinery blueprint original hypothesis  
The manufacturing of a particular product is dependent on the availability and 
robustness of current and emerging biorefinery technologies. A blueprint for an Irish 
Green biorefinery was developed after a review of the literature and consultation with 
EU GBR experts. Available technologies, green biomass (pasture) yields and quality 
(composition, i.e. fibre, crude protein), and socio-economics were used to describe the 
most suitable GBR system in the short term for Ireland.  
 
We hypothesised that an Irish Green biorefinery blueprint was a small scale 
decentralised facility, located in a catchment area, with adequate supply of surplus 
green biomass (pasture) and farmers willing to supply the processing facility. The 
idealised products from the grass include insulation material from the grass fibre 
fraction, and from the press juice, a proteinaceous extract to be used in animal feed. 
Heat and energy will be generated from anaerobic digestion of waste process slurries 
or stillage. The residual material remaining after the anaerobic digestion will then be 
used as fertiliser and supplied back to the associated farmers as a part of a “waste 
management strategy” and to maintain an adequate nutrient cycle within the supply 
chain. 
 
Over the past four years, through the combination of field trial work and desk studies 
we tested the feasibility of the GBR blueprint. This assessment was also used as a 
framework to address the knowledge gaps identified in the supply side of an Irish GBR 
system. These included:  
 
o Are the quantity and quality of grass biomass, under the current 
harvesting regime in Ireland (i.e. a two-cut silage system) suitable for the 
GBR model outlined in the blueprint?  
o To what extent is the profitability of the GBR system affected by 
variability of grass/silage quality?  
o Which feedstock system is most viable in an Irish context: a grass/silage 
system (where grass would be processed for 4 months and silage the rest 
of the year) or a silage only system? 
o What is the most appropriate economy of scale for a GBR facility: 
centralised or decentralised? 
o Where are the potential catchments for the GBR described in the 
blueprint and what factors will determine the optimised locations? 
 
Therefore, the aim of this chapter is to use a SWOT analysis (Strengths, Weaknesses, 
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Opportunities, and Threats) to review the approach we have taken and the conclusions 
derived from the scoping study “Alternative Use of Grassland Biomass for Biorefinery 
in Ireland”.  
 
 
2 Approach taken  
The overall objective of the study was to assess the potential for GBR systems, i.e. we 
set out to determine if these systems were practical to implement (i.e. no major 
alteration of established farming systems) and financially feasible (i.e. profitable for 
GBR and farmer). In an attempt to achieve this, the study structure encompassed three 
levels (Fig. 7.1):  
• Field level: where we investigated the grass quality and yields from 6 
representative farms around Ireland to develop a base line of raw feedstock 
available for a GBR system  
• Farm level: we aimed to determine the profitability for the farmer to supply 
grass to a GBR, and to identify what farming system in Ireland would be more 
inclined to supply a GBR.  
• “National level”: to identify potential “hot spots” or areas which may have 
potential to support a GBR, i.e. high biomass availability, low farm income.  
 
The reasoning for the approach and different steps taken are outlined below and in Fig. 
7.1.   
 
 
 2.1 Field work summary  
 
The quality of grass (i.e. how much of the desired component it contains) delivered to 
a Green biorefinery will determine the end quality of the products and, therefore, 
Grass (2004) suggested that price schemes should be established with respect to the 
characteristics of the raw material delivered. Two of the most important quality 
parameters for assessing grass feedstock for the GBR outlined in the blueprint were 
the fibre and crude protein contents (Grass, 2004). Therefore, in order to determine if 
the quantity and quality of grass biomass, under the current harvesting regime in 
Ireland (i.e. a two-cut silage system) was suitable for the GBR blueprint, we 
established field trials to assess the yields of dry matter (DM), fibre and crude protein 
of grass swards on six contrasting Irish farms (step 1). These farms differed in 
geographical location, soil type, weather, previous management and sward botanical 
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composition. We managed the field trials under a two-cut silage system and assessed 
them using three annual input rates of inorganic N fertiliser (45, 90, 225 kg N ha-1 a-1), 
in two successive years. The grass harvested from these sites was also ensiled in the 
laboratory silos at Teagasc Grange, in order to assess the potential silage quality 
produced from these pastures. Thus, step 2 determined if pastures under conventional 
farming systems were compatible with the GBR blueprint of O’ Keeffe et al. (2009).  
Findings from the field trials were: 
• Grass quality under the current cutting systems was suitable for the GBR 
blueprint. 
• There was no immediate requirement for farmers to reseed grassland for 
biorefinery purposes, as permanent pasture, containing secondary grass species, 
(species with low agricultural value e.g. Poa spp., Agrostis spp., and H. 
lanatus) was adequate for the basic refinery facility producing fibre and 
proteinaceous products. 
• For more advanced technologies, the cutting systems would have to be 
modified, i.e. increasing the frequency of cuts in order to produce more press 
juice fraction (i.e. the current cutting systems had a greater volume press cake).  
 
We then used the field trial data to develop biomass supply models to predict the DM 
yields, fibre and crude protein yields of grass being supplied to a GBR (step 3). The 
model inputs included the botanical composition of pastures, the phenological growth 
stage at which the grass was harvested, nitrogen fertiliser application rate and weather 
(rain, temperature, radiation, soil moisture deficit). We used data from the laboratory 
silo experiment to develop silage models to predict the ensiled grass quality or silage.  
 
The integrated supply and silage models were then used to generate a number of 
feedstock scenarios (Steps 3 and 4), to provide insight into how the quality and 
quantity of grass biomass from permanent pastures under a two-cut system could 
potentially affect the profitability of the GBR blueprint system outlined in O’Keeffe et 
al. (2009). The results of these findings will be discussed in further below. 
 
 
2.2 Desk study - Modelling summary  
The models generated in the second step of the scoping study were quantitative 
conservative mass and energy balances derived from the literature, best available data, 
and consultation with European GBR experts, biogas experts, agronomists, and 
biomass systems economists (Fig. 7.3). The third step in the scoping study was to test 
the feasibility of the GBR blueprint proposed by O’Keeffe et al. (2009), to determine 
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the optimum process model, which could generate the most appropriate GBR scenario 
for Ireland. Therefore, we developed three biorefinery process models which were 
combinations of feedstocks (i.e. grass and silage or just silage) and technologies (i.e. 
basic technologies or low-tech to manufacture products from the fibres and 
proteinaceous fraction and future technologies high-tech used to extract high value 
compounds from silage biomass e.g. lactic acid). The scenarios generated were defined 
as: 1) Low tech / grass and silage, 2) Low tech / silage, and 3) High tech / silage (also 
producing LA from silage). Each of these three scenarios was then evaluated at three 
economies of scale (small, medium or large), resulting in 9 scenarios. The GBR 
process model determined to be the most suitable was a medium scale (decentralised) 
facility, processing silage only, and using the basic technologies for fibre and 
proteinaceous products. 
 
The fourth step of the study was to investigate the sensitivity of the GBR system’s 
profitability to biomass quality and quantity. We subjected the GBR process model to 
scenario analyses, to investigate how variations in grass quantity and quality, as a 
function of botanical composition, fertiliser application and biomass availability 
affected the profitability of the GBR. The outcomes of the scenario analyses were then 
used to calculate the price which the GBR could offer to farmers above their 
production costs (€ t-1 dry matter). This step was the foundation of the analysis to 
begin investigating the potential of GBR at farm level and hence national level.   
 
In the fifth step we used spatial scenario analyses of two contrasting farm case studies 
to investigate the sensitivity of the GBR profitability to variations in the geographical 
constraints of total biomass availability and surplus biomass availability. These sites 
were a dairy farm in the South of Ireland (Co. Cork); and a beef farm in the Mid-west 
Ireland (Co. Roscommon). Applying the aforementioned methods, we calculated the 
price which the GBR could offer each case study farmer. We then carried out a partial 
budget analysis which enabled us to determine the viability for both case study farms 
to supply to a GBR. The results of the partial budget and GIS analysis then allowed for 
the identification of potential regions which could support a GBR.  
 
The results from the field supply models and the desk study modelling outlined above 
are summarised in the finalised GBR blueprint below.  
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2.3 Characteristics of a first generation GBR system 
The finalised blueprint for an Irish GBR in the short-to-mid term was determined to be 
as follows: 
• A small-scale decentralized facility, processing 0.8 t DM hour-1; 
• It should be located in a catchment area of approx. 700-800 ha, depending on 
biomass availability. Biomass availability should be in excess of 30%, to avoid 
financial losses for both the GBR and farmers due to increased transport costs; 
• In general, the viability of GBR will be highest in areas which have experienced 
declining livestock numbers and low farm income, particularly, but not 
exclusively, areas which supported a high proportion of beef farmers, such as 
the mid–west;  
• In the start up period (short-term), the GBR can be integrated with the current 
harvesting practices, a two-cut silage system, as the quality of the biomass from 
such silage systems is compatible with the basic GBR technologies. The longer-
term goal could then be to retrofit the GBR facility to produce higher value 
products; 
• The GBR should operate using a silage only system, with ensiling of the grass 
material on the GBR facility site; 
• The products initially produced should be based on those of the Swiss GBR 
facility, which were insulation materials (insulation boards) and proteinaceous 
products, used for animal feed; 
• The waste streams remaining after the processing of the grass from the 
biorefinery should be used to generate biogas produced from the anaerobic 
digestion of the fibre slurries;  
• The biogas produced should be used to supply the biorefinery plant with its 
own electricity, and heat for drying the press cake, as this was the more viable 
option at time of writing;  
• The residual material remaining after the anaerobic digestion should then be 
used as fertiliser and supplied back to the associated farmers as part of a “waste 
management strategy” and to maintain the nutrient balance in the system; 
• For these scenarios, the capital costs of such a GBR were estimated at c. seven 
million euro and the results of the scenario analyses suggest a minimum 
government subsidy of 9-11% would be required to establish this GBR 
operation.  
 
It is the integration of field work with desk study analysis which delivers overall 
strength to this study as it has allowed for scenarios to be developed, to investigate 
how the quality of the raw biomass can affect the profitably of the whole GBR system, 
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including the farmer providing the grass feedstock. This approach has helped to 
identify a number of strengths, weaknesses and opportunities for developing a GBR 
system in Ireland.  
 
 
 
3 Strengths  
3.1 Grass farming culture – Ireland’s greatest driving force for GBR 
development  
 
Ireland already has an established culture of grassland farming (O' Mara, 2008). With 
a long growing season, i.e. from March to October, depending on location (O' Mara, 
2008), and average DM yields ranging from approx. 15 t ha-1 in the Southwest to 11 t 
ha-1 in the Northeast (Brereton, 1995), grass has already been recognized as having 
potential for bioenergy or other uses (McGrath, 1991). Teagasc (the Irish Agricultural 
and Food Development Authority), is an authority on grassland production systems in 
Ireland and has developed a diverse spectrum of expertise and data relating to Irish 
grasslands and their production potential. This knowledge will be a very important 
resource for the development of alternative grassland uses such as GBR. The 
combination of a potentially large biomass supply, the presence of research institutes 
with high level of grassland expertise, and the large number of farmers and highly 
Fig. 7.2 Flow diagram of the GBR model  
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specialised agri-contractors familiar with grass husbandry (O' Kiely et al., 2004), make 
the supply side of a GBR system Ireland’s strongest asset and driving force for the 
development of green biorefinery.  
 
4 Weaknesses  
 
The technological aspect of the Green biorefinery and the processing technologies are 
currently Ireland’s Achilles’ heel for the development of such an industry.  
 
In comparison to continental Europe, Ireland currently lacks the basic technological 
infrastructures which have allowed for the European advancements in Green 
Biorefinery (O' Keeffe et al., 2009). These include green crop drying factories (there is 
only one Irish operation) and anaerobic digesters for biogas production. The limiting 
factors which will influence GBR development in Ireland; include (i) available 
technologies, their related extraction energy and the marketability of products 
generated by these technologies and (ii) capital investment required for such GBR 
systems. 
 
 
4.1 Technologies and marketability 
 
The implementation of the basic GBR technology was determined in this study to be a 
good starting point for a nascent Irish Green Biorefinery in the short-to- medium term. 
The longer-term goal could be retrofitting the GBR facility to produce higher value 
product. The basic biorefinery technology involves the separation of the feedstocks 
into two simple fractions of press cake (PC) and press juice (PJ).  
 
Marketable products have been successfully manufactured from these fractions in 
Europe. The press cake (PC) or fibre fraction can be used to produce insulation 
material, the functionality of which is comparable to the average mineral wool 
insulation on the market, with approx. 60 kg m-3 density and a heat conductivity of 
0.04 W m-1 K-1 (Watts per meter Kelvin). From the press juice (PJ), proteinaceous 
fraction can be used as an additive for animal feed (Grass, 2004).  
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4.1.1 Fibre product 
 
The potential revenue generated from the fibre insulation material was estimated based 
on the literature and from consultation with members of the insulation industry. The 
selling prices ex factory was estimated in this study to be 0.80 €/kg (Grass, 2004). Net 
present value (NPV) was used as a measurement of cash flow in the GBR system and 
as a financial indicator of viability. A positive NPV indicates a potentially positive 
cash flow (profit) for the period in question and would suggest that the project has 
economic potential. A negative NPV indicates the project to be unviable and needs to 
be modified in order to have potential. As fibre constituted the greater proportion of 
the feedstock (500 g kg-1 DM) it is not surprising that the profitability indicator NPV 
(net present value) is sensitive to selling price of fibre products. 
 
However, the combination of high volume and assumed high value could be a 
potential area of weakness in the GBR model, as a seven percent reduction in selling 
price (€ 0.75/kg) will lead to a negative NPV. The profitability of the GBR system in 
relation to market volatility and fluctuations in energy and oil costs is and area which 
will need to be explored further.  
 
 
4.1.2 Proteinaceous product  
 
Silage was identified as the feedstock, which was financially and operationally 
feasible. However, during the ensiling process protein is broken down into peptides 
and amino acids, which leads to reduced efficiencies for extracting protein (Kromus et 
al., 2004; Thomsen, 2005). Therefore, due to a combination of low extraction 
efficiency due to and market factors (lower revenue determined at 0.27 € kg-1), the 
proteinaceous product has very little impact on the profitability of the predicted 
scenarios. The low value obtained for the proteinaceous extract is also an area of 
weakness, which needs to be considered for the short-term GBR.  
 
However, silage press juice contains valuable amino acids (e.g. Arginine, Methionine, 
Leucine, Lysine) and there is potential for extracting these using more advanced 
technologies, such as ultra-filtration (Danner et al., 2000; Kamm et al., 2009). 
However, these GBR extraction systems are still developing (Kromus et al., 2004; 
Mandel, 2010) and therefore this study focused on the conventional methods of 
coagulation and centrifuging.  
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4.1.3 Product scenarios and energy  
In the process of developing the models it became clear that the energy demand 
associated with drying the fibres (the largest bulk of the biomass) was considerable 
and there was relatively little additional value generated through protein extraction. 
Therefore, two possible production scenarios were identified; the first was to produce 
fibre products alone as insulation material (“No Prot” scenario), and the second was to 
include a secondary proteinaceous product as an animal feed (“Prot” scenario). 
 
The scenario which produces fibre only “No Prot” scenarios, could be viable in the 
short to medium term, due to the current Irish Government’s “Greener home scheme” 
(SEAI, 2010), which promotes the insulation of older houses to improve their heat 
energy rating. However, with the economic downturn (at time of writing), the 
construction industry is facing many obstacles (DKM Economic Consultants, Feburary 
2010), which could have implications for a fibre-only system. The production of other 
non-related products therefore could help to buffer price changes with the fibre 
product. This is one of the key concepts of biorefinery, to enhance profitability and 
sustainability through the production of a multitude of products from the one feedstock 
(Kromus et al., 2004). 
 
One key issue which was not examined here, and which could be very relevant for 
improving the profitability of a biorefinery and the anaerobic digester performance, is 
the addition of animal slurries for co-digestion (Jagadabhi et al., 2008; Singh et al., 
2010). Such additions potentially increase biogas production and hence increase 
energy available for processing. This would change the outcomes of these predicted 
scenarios and negate the need to use the protein fraction for energy generations. 
 
The crude protein installations could be constructed with the initial development, or 
retrofitted when conditions (technologies, grass husbandry) become more favourable 
for protein extraction. It is the liquid stream where most of the potentially high value 
products are to be extracted (Danner and Braun, 1999), therefore, the benefits of 
starting operations with protein extraction, provides the opportunity for biorefinery 
stakeholders to become familiar with processing the juice and increasing the potential 
to upgrading to more advanced process technologies, such as lactic acid production. 
Therefore, because both systems have potential, they were both considered in the 
development of the blueprint for an Irish GBR. 
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4.2 Capital investment and associated risk factors 
 
The capital involved in setting up a GBR is substantial (Kamm et al., 2009; Mandel, 
2010) and therefore the investment risk involved in constructing a facility from the 
foundations, would be significantly higher in Ireland than in Europe, where the basic 
technologies are already commonplace. In the research and development stage of new 
bio-industries, profitability analysis tools are used to determine if a proposed system 
has potential or not. Even if not all the relevant information is known, and there are 
large error margins associated with the quantitative models, the profitability tools 
highlight in a quantitative way those factors which need to be modified to make the 
system more viable.  
 
Discounted cash flow (DCF) is the most widely used instrument for measuring venture 
investment profitability. An important component for calculating DCF is the ir value 
(interest rate or discount rate). This is the cost of buying the capital needed for an 
investment and reflects the risk associated with the investment, the higher the ir value, 
the greater the risk assumed for return on investment capital.   
 
For the scenarios presented here, a conservative risk factor of 10% was applied. This 
value was assumed from the literature and from consultation with biomass economist 
experts (O' Keeffe et al., submitted b). In Ireland, the level of risk associated with 
establishing a GBR system may be higher or lower than that estimated here. The 
decentralised scenarios, with a required capital investment of c. €7 million, showed 
economic potential with relatively low government subsidies, at c. 9-11% of the 
required capital investment. However if the level of risk was assumed to be higher, 
then the risk factor would increase, reducing the profitability of the scenarios 
predicted. This would lead to an increase in the level of subsidy required to support 
such an industry. Fig.7.4 shows the extent to which the associated risk of starting a 
GBR industry could change the subsidies required. This is an important consideration 
when assessing the results of these scenarios. Although the risk involved will change 
the potential profit of the system, the overall trends shown in the scenario analysis, 
will ultimately remain the same. An important consideration to note is that the 
scenarios were generated under idealized conditions, which sometimes may not truly 
reflect the real life situation. 
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5 Opportunities  
Although Ireland has been slower than most countries in mainland Europe in adopting 
new biomass crops for bioenergy or biorefinery systems (Sustainable Energy Ireland, 
2004), this also presents many opportunities to assess its green biomass options. This 
study capitalised on, and benefited from, the key findings from the advancements 
made in the European GBR concepts; these were used as a benchmark, for developing 
the Irish GBR blueprint. Components and aspects which worked in other countries 
were combined to provide a framework to approach the potential of alternative 
grassland uses. Knowledge gaps associated with the supply side of an Irish Green 
Biorefinery system were identified at the start of this study, and associated 
opportunities to improve on the European models have been identified.  
 
 
 
Fig. 7.3 Changes in subsidies with increasing risk factor ir 
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5.1 Basic technologies combined with the quantity and quality of grass biomass  
The study showed that grass harvested under current regimes predominantly comprises 
of a solid press cake or fibre fraction and therefore technologies for manufacturing 
from this solid fraction appear to be the more viable option in the short-to-mid-term, as 
it accommodates a better integration with current farming systems. However, higher 
value products, which could be used as substitutes for mineral oil derived products 
such as lactic acid for plastic and polylactide (PLA) production, proteins for the animal 
feed and cosmetics industries, can potentially be produced from the press juice 
fraction. Therefore, these scenarios also highlight that for the longer term, current 
harvesting systems may require adapting e.g. increased cuts in the year in order to 
enhance the profitability of a biorefinery. However, the trade-off between increased 
harvesting costs and increased energy consumption for this type of system will also 
need to be determined whether it is viable or not.  
 
During the last ten years the activities in the field of biorefinery systems have grown, 
particularly in the Green Biorefinery concept, which is currently in advanced stages in 
many EU countries and have reached pilot scale. Therefore this could provide Ireland 
with the opportunity to introduce technologies in phases. Once a biomass supply 
system has been established, further research could be carried out to determine 
optimum time of cutting, grass species etc. that would be aligned to more advanced 
extraction technologies and the juice fraction.  
 
 
5.2. The impact of grass/silage quality on the profitability of the GBR system 
The scenario analyses in step four indicated that GBRs supplied with a biomass 
feedstock from permanent pasture with a perennial rye grass (Lolium perenne) content 
of at least 60%, with relatively high N fertilisation (225 kg N ha-1 a-1), was suitable to 
supply a GBR system producing fibre fraction products and crude protein products. 
Therefore, there was no immediate requirement for the farmer to resow. The analyses 
in step four also suggested that grass yields in the range of 9 - 12 t DM ha-1a-1, with a 
fibre content ranging from 550 - 500 g kg-1 DM and a protein content of 110-130 g  
kg-1 DM, had the potential to result in a viable GBR system. The scenarios generated 
also demonstrated the significance of sward botanical composition for the quality of 
the pasture biomass and suggest that some secondary grass species (grasses which 
might not be optimal for livestock systems, i.e. might have lower feed quality than L. 
perenne dominated swards (Peeters, 2004)) have the potential to be used for industrial 
applications in a GBR. 
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Much of the research focus was on the grass raw feedstock and harvesting conditions 
and assumed optimum ensiling conditions. Silage was identified as the optimum 
feedstock. Danner et al. (2000) noted the need to improve the technical and economic 
attributes of silage production, for it to be used as a potential substrate for industrial 
chemicals. Therefore, this is an area which requires further research. It is also clear 
from the scenario analyses conducted in this study that it is not only biomass 
availability and DM yields that are crucial factors to be considered when identifying 
potential locations for a GBR; biomass quality also needs to be an important 
consideration.  
 
The field data from this study can only offer a “snap shot” of the potential feedstock 
available throughout the season and nationwide, as it was limited both spatially (six 
national sites) and temporally (only two annual cuts in two years). Therefore, a 
modelling approach was necessary to assess the supply side of a GBR system. The 
prediction errors in the biomass supply models will to some extent result in error in the 
GBR models. To assess the severity of these prediction errors, sensitivity analyses 
were conducted for every scenario generated. The interpretations of the results should 
therefore, be based on these trends, rather than on the absolute values. 
 
 
5.3 Economy of scale  
 
Economies of scale will be determined by two factors. The first is the size of 
catchment area needed and the availability of feedstock, which will in turn determine 
the associated transport costs. The second is the number of farmers required to supply 
the biorefinery and the organisational structure of the biorefinery operation, i.e. 
whether it will be a private limited company or a cooperative of farmers. The 
decentralised biorefinery model scenarios were found to be the most viable option. 
The relatively smaller catchment area would allow for a better management of 
feedstock quality as the biorefinery operator will have a better communication with the 
supplier and therefore knowledge of the feedstock quality. This size of an operation 
would have the potential to be run by a cooperative of farmers, approx. 25 farmers in 
the catchment area, small enough for practical decisions making. 
  
In this study, we focused on assessing the feasibility of a stand-alone operation, i.e. a 
self contained facility; grass is delivered and processed on site. There are a number of 
aalternative operational structures being investigated in Europe; for example a 
combination of combined centralised and decentralised GBR units (Kromus et al., 
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2004). In process structures such as these systems a particular component of the 
grass/silage which would degrade rapidly after harvesting/opening of silo would be 
extracted in a small decentralised facility and stored until further processing in a 
centralised facility. However, these systems are highly complex and therefore, the 
GBR blueprint was relatively simple and therefore it could potentially be used as a 
foundation to begin developing the concept of centralized, decentralized units for 
Ireland.  
 
 
5.4 Potential catchments or “hot spots” for a GBR facility 
 
Field site selection was based on the five farming zones or agro-geo-climatic regions 
identified by (Crowley et al., 2007a) (See Fig. 2.2 in Chapter 2). The reason for this 
approach was the ability at the later stages of the study (step four) to develop a case 
study scenario or the farm level potential for GBR. The final scenario-modelling step, 
step five, presented the opportunity to asses GBR on a farm and national level. The use 
of the case studies to assess two contrasting farm systems gives valuable insight into 
the potential economic feasibility for farmers to supply either all or surplus biomass 
(i.e. the grass available after livestock fodder requirements have been met) to the GBR. 
The results of these scenarios suggest that areas which support a high proportion of 
beef farmers, such as the mid-west, which have experienced declining livestock 
numbers and low farm incomes, could be the most viable locations.  
The scenarios were predicted as profitable under optimized conditions and indicated 
that there was no need to change farm practices or destock any further, as the GBR 
system was already viable for both the farmer and the GBR, even under surplus grass 
supply, provided the biomass availability is greater than 30%. This means the GBR 
would be guaranteed a supply of grass from approximately 30% of the total catchment 
area i.e. 252 hectares of grassland would supply the GBR out of 840 hectares.  
 
The ability of GBR systems to operate using surplus biomass could mean this GBR 
system may not necessarily compete with beef production However, should farmers 
choose to destock further, then they have the potential to supply a GBR.  
 
 
5.5 Synergies with policy 
 
The use of permanent pastures as a feedstock, and the establishment of a decentralized 
facility located in a rural catchment area is synergistic with targets set out in a number 
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of key policy areas, such as the protection of biodiversity and prevention of land 
abandonment and promotion of rural employment. It is aligned with axes two, three, 
and four of Ireland’s National Sustainable Development Plan 2007-2013. 
Development of GBR systems also has duel benefits for achieving the targets set out in 
the National Climate Change Strategy (NCCS), which aims to try and reduce 
greenhouse gas (GHG) emissions below those of 1990 (the baseline date for the Kyoto 
Agreement). The use of grassland for GBR could contribute to reducing agricultural 
GHG emissions in three different ways: 
1. Maintenance of permanent pastures with associated net carbon sequestration 
(EPA, 2008b; Tilman et al., 2006). 
2. Potential reductions in methane emissions through the potential displacement of 
livestock by alternative or supplementary income.  
3. Fossil fuel displacement in the manufacturing of end products. 
 
6. Threats  
Unlike some other European countries, there has been a historic under-investment in 
energy networks, and an absence of a coherent energy policy in Ireland. This has 
resulted in a slow development of the biofuels industry, predominantly attributable to 
the lack of fiscal incentives and lack of transparency in grid access required to boost 
the commercial viability of biofuels (EU and Irish Regions Office, 2006). 
 
There are a number of areas where developing GBR systems as viable rural industries 
will require adequate policy support and government assistance. A European study 
identified that different goal conflicts such as cost effectiveness and environmental 
protection need to optimised in order to assure the sustainability of the GBR system 
(Popa-CTDA, 2005). This will be the case for Ireland also. Due to time constraints, a 
full environmental assessment was not carried out as part of this study. This is an area 
which will require detailed research in the next 5-10 years, in order to establish the 
policy infrastructure, to provide for clear planning and stability to the system. Some 
examples of policy “grey areas” are highlight below.  
 
 
6.1 Example of policies to be addressed  
 
6.1.1. Nitrates directive  
 
The grass harvesting system we assumed for the GBR system (i.e. two-cut silage 
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system) involved no livestock (cattle) production and assumed the fertiliser rates 
recommended by Teagasc (Coulter and Lalor, 2008). However, the final scenario 
analyses suggested that it was profitable for farmers to supply surplus grass to a GBR. 
This system could potentially lead to a conflict with Ireland’s NAP (Nitrates Action 
Plan). Currently, the extra fertiliser inputs and the nutrients in the digestate will be 
counted as nutrient inputs under the Nitrates Directive, but the nutrients in the biomass 
will not be counted as nutrient outputs. This will result in a “virtual” nutrient surplus 
and hence this type of GBR system would be in breach with Nitrates Regulations. In 
addition, under the current NAP, maximum chemical fertilisation rates are related to 
animal stocking rates. In a “full supply” GBR scenario (in which no animals are 
present), this would result in allowable fertilisation rates well below crop 
requirements. These are anomalies of the NAP that would have to be addressed before 
any farm can supply to a GBR.  
 
 
6.1.2. IPPC licensing  
 
The GBR facility in this blueprint may require an IPPC (Integrated Pollution 
Prevention Control) licence, due to the production of insulation materials from the 
fibre fraction (under section 6 of the EC directive 2008/1/EC). If this is the case then 
the land spreading of the digestate from the anaerobic digester would have to seek 
approval from the EPA (Environmental protection agency) (N. Hayes, pers. comm.). 
This could result in time delays and potential storage difficulties while waiting on 
approval for spreading. The area of waste permits is an area which will need 
clarification for both the GBR operators and the agricultural contractors/famers 
transporting the digestate. 
 
In the longer term scenario, the production classification of GBRs producing higher 
value biochemicals will also need to be considered as this will determine the level of 
waste legislation compliance and environmental management systems required for 
such facilities. This will be of particular importance for GBRs located in rural and 
decentralised locations.  
 
 
6.1.3. Planning legislation 
 
GBRs are designed to be located in rural catchment areas, therefore obtaining planning 
to build a facility may be difficult, particularly if local communities are concerned 
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about the development and object to the construction (Department of Communications 
Marine and Natural Resources, 2005). Planning can be the slowest part of a project 
development and can result in high costs, which may be a potential deterrent for 
development of the GBR. However, this issue has been recognised and a “Consultation 
Paper on proposed planning exemptions for certain Renewable Energy Technologies” 
has been published to address this issue. 
 
 
6.2 Fiscal policy – Government financial support subsidies  
 
Each European country had a particular motivation to pursue the concept of Green 
biorefinery (O' Keeffe et al., 2009), however it is apparent from the findings of the 
literature review that policy is one of the major impetuses providing the foundations 
and support for such advancements. Without the political support, the basic physical 
infrastructures, such as the green pellet industries (Denmark), starch refining (Holland) 
or biogas technologies (Germany/Austria) would never have materialised, or allowed 
for the development of the Green biorefinery concept. The idealised decentralised 
model scenarios presented here, show that green biorefinery requires minimum 
government support of at least 9-11%, to be established successfully in Ireland, with 
rates in excess of this reducing risk and adding to the economic sustainability of the 
venture.  
 
 
6.3 Farmers’ willingness to sell and social acceptance of new technologies  
 
Farmers’ decisions to adopt new technologies can vary extensively for a number of 
different factors (i.e. demographics, farm size) (MackenWalsh, 2002; Mathijs, 2003). 
The initial transition to farming for a GBR system could potentially be smoother if 
“current harvesting practices” were adopted, with a view to modification in the long 
term. However, as this type of industry has yet to be shown as successful, farmers 
might not be willing to sell their grass to a GBR facility. Thus the potential to develop 
a GBR facility on surplus grass from livestock systems could be beneficial for the 
initiation of such an industry.  
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7 Recommendations for future research  
 
7.1 Management of grasslands  
• Modifications to conventional grassland harvesting systems will be required for 
a GBR interested in other grass/silage fractions, particularly the higher value 
fractions required for energy production (high sugar), lactic acid; 
• The grass species/hybrids most suitable for the different GBR systems, 
including future technologies and those outlined in the blueprint need to be 
identified;  
• For the supply chain, detailed research is required to determine the best means 
of integrating GBR farming practices with conventional farming practices (i.e. 
livestock systems) in order to determine how both systems could be modified to 
enhance the performance of each other.  
 
7.2 GBR operations  
• There is a need to establish quality analysis for determining the feedstock 
quality coming into the GBR facility; 
• Determination of the nutrient content of the GBR digestate and methodologies 
for assessment in order to allow for nutrient budgeting and compliance with the 
NAP;  
• The impacts of GBR digestate on grassland productivity also needs to be 
determined in order to determine the Nitrogen Fertiliser Replacement Value and 
phosphorus availability value. 
 
7.3 Technologies and sustainability  
• A total LCA energy balance would be required as well as a carbon foot print to 
establish if the GBR is energy efficient and carbon neutral; 
• Since writing, technologies investigating amino acid extraction and lactic acid 
extraction have been upgraded to pilot scale; therefore the longer-term 
integration of such technologies with an established GBR needs to be assessed.  
 
7.4 Policy infrastructure and social acceptance  
• More detailed economic analysis is required, taking market and global trade 
factors into account to determine the level of risk involved in establishing a 
GBR in Ireland;  
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• A clearer definition of the biorefinery/bioenergy industries in relation to IPPC 
licensing and the requirements for waste permits to land spreading.  
• A bottom up approach would be the best means of integrating such an 
alternative farming system and industry into a rural community. This would 
involve the development of a consultative processes and stakeholder interaction 
to facilitate the communication of the requirements of both the farmer, 
community and the GBR.  
 
 
 
 
8 Concluding remarks  
The blueprint was designed to be a benchmark for establishing an initial facility with 
the aim of retrofitting the facility when the technologies become more readily 
available. In this way a supply chain can potentially be established and operational, 
before higher investment costs are required. The approach, to phase the development 
of the GBR in stages, will give these industries the time to gain the support of the 
farmers within the catchment regions and gain public approval.  
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Summary 
Grass is Ireland’s most readily available biomass and to date has been predominantly 
used as forage for animal production systems. However, substantial destocking of 
grasslands has been predicted in the next decade, due to pressures from both Common 
Agricultural Policy reforms (decoupling EU agricultural subsidies from production 
systems) and the Nitrates directive (91/676/EEC). This will potentially result in 
surplus grass biomass and unutilised grasslands. With the EU promoting a “biobased 
economy” under the Biofuel Directive (2003/30/EEC), the focus has been diverted 
from traditional uses of biomass and triggered investigations into the alternative uses. 
In Ireland, due to the potential of surplus and readily available grass biomass, 
investigations have been focused on alternative grassland uses. 
 
The potential of grass as a “bioresource” to be used in a Green biorefinery system to 
produce industrial type products was the focus of this research study. The basic 
principals of Green biorefinery are to separate the green biomass (grass and silage) 
into its constituent parts, the solid fraction (press cake) and the liquid fraction (press 
juice). The press cake contains the solid fibre parts or the low value, high volume 
fraction. The press juice essentially contains all the high-value products, but in low 
volumes; for this reason, these high-value products, such as amino acids and lactic 
acids, are difficult to isolate; however, extraction methods and technologies are still 
developing.  
 
The overall objectives of this study were to assess if Green biorefinery could be an 
alternative use of Irish grasslands. The initial phase of the project was to assess what 
robust and basic technologies were available to make products from grass or silage in 
the short-mid-term (5-10 years). This allowed for the development of a Green 
biorefinery blueprint, which was then used as an investigative framework to address 
the data gaps which were identified as part of the literature review, for the supply side 
of an Irish Green biorefinery (GBR) system. These included determining: 
 
• The quality of grass biomass under current harvesting systems compatible with 
GBR technologies and that of the blueprint? 
• Which feedstock system should be implemented, grass for four months of the 
year and silage for the rest, or silage all year round? 
• How would the quality affect the profitability of the system? 
• Which economy of scale, decentralised or centralised?  
• Where would likely “hot spots” be for locating a GBR facility 
 
The study successfully managed to provide answers for all questions.  
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However, it has to be stressed that as this study was a scoping study, these findings 
have to be considered in the light that they are based on scenario analyses and a set of 
assumptions, which were derived from field work results, literature reviews and 
discussions with experts.  
 
The findings of this study can be summarised in the finalised blueprint as follows:  
 
1 GBR facility needs to be a small-scaled decentralized facility processing 0.8 t 
DM hour-1 .  
2 The facility needs to be located in a catchment area of approx. 700-800 ha, 
depending on biomass availability which is required to be above 30%, to avoid 
financial losses for both the GBR and farmers due to increased transport costs. 
3 In general, the areas which have experienced declining livestock numbers and 
hence low gross margins, appear to be the most viable, particularly areas 
which supported a high density of beef farmers, such as the mid –west (not 
exclusively). 
4 In the start up period (short-term), the GBR can be integrated with the current 
harvesting practices, a two-cut silage system, as the quality of the biomass is 
compatible with the basic GBR technologies, with the longer - term goal of 
retrofitting the GBR facility to produce higher value products. 
5 The GBR will operate using a silage only system, with ensiling of the grass 
material on the GBR facility site. 
6 The products produced were insulation materials (insulation boards) and 
proteinaceous products, used for animal feed.  
7 The waste streams remaining after the processing of the grass from the 
biorefinery will be used to generate biogas produced from the anaerobic 
digestion of the slurries.  
8 The biogas produced will be used to supply the biorefinery plant with its own 
electricity, and heat for drying the press cake, as this was the more viable 
option at time of writing.  
9  The residual material remaining after the anaerobic digestion will then be used 
as fertiliser and supplied back to the associated farmers as a part of a “waste 
management strategy” and to maintain the nutrient balance in the system. 
 
 
The finalised blueprint can now be used as bench mark to make further detailed 
investigations to determine the feasibility of Green biorefinery in Ireland.  
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Samenvatting 
In Ierland is grasland de belangrijkste vorm van bodemgebruik in de landbouw en gras 
is een vorm van biomassa die in ruime mate voorradig is. Tot nu toe is gras vooral 
benut als ruwvoer voor de veehouderij. Het lijkt er echter op dat de veedichtheden in 
het komende decennium aanzienlijk zullen afnemen, onder druk van de hervormingen 
van het landbouwbeleid van de EU (vooral de ontkoppeling van landbouwsubsidies en 
productie) en de Nitraatrichtlijn (EU-directive 91/676/EEC). Mogelijk gaat dit leiden 
tot een overschot aan biomassa uit gras en extensiever gebruik van grasland. Nu de EU 
met zijn biobrandstofrichtlijn (EU-directive 2003/30/EEC) sterk inzet op een 
economie gebaseerd op groene grondstoffen verschuift de aandacht van de traditionele 
benutting van biomassa naar mogelijkheden van alternatief gebruik en wordt het 
onderzoek naar deze mogelijkheden gestimuleerd. Voor Ierland betekent dit vooral 
onderzoek naar alternatieve vormen van graslandbenutting aangezien voor biomassa 
uit gras mogelijk een overschot gaat ontstaan en gezien het feit dat deze vorm van 
biomassa eenvoudig beschikbaar is.  
Dit onderzoek richtte zich op de potentie van gras als een bron van biomassa voor een 
“Groene Bioraffinage” waarbij industriële producten worden gemaakt. Bij Groene 
Bioraffinage wordt in een cascade groene biomassa (in de vorm van vers gras of 
silage) gescheiden in een vaste fractie (de perskoek) en een vloeibare fractie (het 
perssap). In de perskoek zitten de vaste componenten (voornamelijk vezel); het gaat 
hier om een groot aandeel van de oorspronkelijke biomassa maar ook om een 
component van relatief geringe waarde. In het perssap zitten, in kleine hoeveelheden, 
de meest waardevolle bestanddelen, zoals aminozuren en melkzuur. Vanwege hun 
geringe hoeveelheden is het niet eenvoudig deze componenten te winnen, maar de 
daarvoor benodigde extractiemethoden en technologieën zijn nog steeds in 
ontwikkeling.  
  
Het uiteindelijke doel van deze studie was vast te stellen of bioraffinage van gras een 
alternatieve vorm van graslandbenutting in Ierland kon zijn. In de eerste fase van het 
onderzoek werd nagegaan welke robuuste en basale technologieën er beschikbaar 
waren om op de korte tot middellange termijn (5-10 jaar) producten te maken uit gras 
of silage. Deze onderzoeksfase maakte het mogelijk om tot een blauwdruk te komen 
voor Groene Bioraffinage (GBR). Deze blauwdruk werd vervolgens gebruikt als een 
raamwerk voor het verdere onderzoek naar de grondstofproductie voor een Ierse 
Groene Bioraffinage dat er op gericht was de kennisleemten die op basis van 
literatuuronderzoek aan de dag waren gekomen, op te vullen. De kennisleemten 
omvatten ondermeer: 
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• Is de kwaliteit van het gras bij huidige oogstregimes verenigbaar met de 
GBR technologieën en in overeenstemming met de kwaliteit zoals 
aangenomen in de blauwdruk?  
• Hoe dient het gras aangevoerd te worden? Als vers gras gedurende het 
oogstseizoen en als silage gedurende de rest van het jaar, of gedurende het 
gehele jaar als silage?  
• Wat is het verband tussen de kwaliteit van het gras en de rentabiliteit van de 
GBR?  
• Voor welke operationele schaal moet worden gekozen? Moet de verwerking 
decentraal of centraal?  
• Wat zijn de beste locaties voor GBR installaties?  
 
 
Het proefschrift weet op al deze vragen een bevredigend antwoord te leveren. Het 
dient echter benadrukt te worden dat deze studie vooral verkennend was. De resultaten 
zijn immers gebaseerd op scenarioanalyses en dus op een verzameling van aannames 
gebaseerd op veldonderzoek, literatuurstudie en discussies met deskundigen. De 
resultaten van deze studie kunnen worden samengevat in de bewerkstelligde 
blauwdruk. De meest saillante punten daaruit zijn: 
1. Een GBR installatie moet kleinschalig en decentraal zijn met een 
verwerkingscapaciteit van 0,8 ton droge stof per uur. 
2. De installatie moet worden geplaatst in een voedingsgebied van 700-800 ha, 
afhankelijk van de beschikbaarheid van biomassa. Deze beschikbaarheid dient 
meer dan 30% te zijn omdat anders zowel de afnemer als de boeren verlies 
gaan leiden door te hoge transportkosten. 
3. De beste locaties zijn gelegen in die gebieden waar de veedichtheid aan het 
afnemen is en waar de marges in de veehouderij klein zijn.  Het gaat hier 
vooral (maar niet uitsluitend) om gebieden met een lage dichtheid aan 
melkveehouderijen, zoals in het mid-westen van Ierland. 
4. Op de korte termijn (in de opstartfase) kan de GBR geïntegreerd worden met 
de huidige oogstpraktijken. Het betreft een systeem met twee keer maaien per 
jaar. Dergelijke systemen leveren biomassa van een kwaliteit die past bij de 
basale GBR technologie. Op de lange termijn moet dan de GBR installatie 
zodanig verfijnd kunnen worden dat er ook meer hoogwaardige producten mee 
gecoproduceerd kunnen worden. 
5. De bioraffinage vindt plaats op basis van silage. Inkuilen gebeurt op de locatie 
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van de GBR installatie.  
6. De productie bestaat uit isolatiematerialen en eiwitproducten voor de 
veehouderij.  
7. De afvalstromen die overblijven na het verwerken van het gras in de GBR 
zullen worden gebruikt om biogas te generen op basis van anaerobe afbraak 
van de slurries. 
8. Het geproduceerde biogas zal worden benut om de bioraffinaderij van zijn 
eigen elektriciteit te voorzien en warmte te leveren voor het drogen van de 
perskoek. Op het moment van schijven van dit proefschrift was dat de meest 
levensvatbare optie.  
9.  Het restmateriaal dat overblijft na de anaerobe afbraak zal dan worden benut 
als meststof en worden teruggeleverd aan de betrokken boeren als onderdeel 
van een afvalstoffenbeheersysteem, maar ook om de nutriëntenbalans van het 
systeem te handhaven .   
10. De kapitaalkosten van een dergelijke GBR worden geschat op ongeveer 7 
miljoen euro. De scenarioanalyses geven daarbij aan dat voor het opzetten van 
een dergelijke GBR installatie minimaal 9-11% overheidssteun nodig is.  
 
De voltooide blauwdruk kan nu worden gebruikt als een referentiepunt om verder 
gedetailleerd onderzoek te verrichten naar de haalbaarheid van Groene Biorafinnage in 
Ierland. 
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